
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Characteristic low friction and wear behaviors
of CF-filled PTFE in dry gaseous hydrogen
environment

陳, 乾

https://hdl.handle.net/2324/7182437

出版情報：Kyushu University, 2023, 博士（工学）, 課程博士
バージョン：
権利関係：



1 

 

Kyushu University 

Department of Mechanical Engineering 

744 Motooka 

Fukuoka, Japan 

 

 

 

 

 

 

Characteristic low friction and wear behaviors of CF-filled PTFE 

in dry gaseous hydrogen environment 

 

 

 

 

 

 

 

Qian Chen 

 

 

 

 

 

January 2024 

 

 

 

 

 



2 

 

Declaration of Originality  

 

I declare that the work presented in this thesis is my own and expressed in my own words 

except those declared otherwise. Any work used by any other authors in any form has 

been properly acknowledged where used. A list of all the references used has been 

included. This work has not already been submitted for any other degree and is not being 

submitted for any other degree. 

 

Fukuoka, January 2024 

Qian Chen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

Copyright Declaration  

 

The copyright of this thesis rests with the author and is made available under a Creative 

Commons Attribution Non-Commercial No Derivatives license. Researchers are free to 

copy, distribute or transmit the thesis on the condition that they attribute it, that they do 

not use it for commercial purposes and that they do not alter, transform or build upon it. 

For any reuse or redistribution, researchers must make clear to others the license terms of 

this work.  

 

Fukuoka, January 2024 

Qian Chen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

Related Publications  

 

Journal Papers  

 

⚫ Q. Chen, T. Morita, Y. Sawae, K. Fukuda, J. Sugimura, Effects of trace moisture 

content on tribofilm formation, friction and wear of CF-filled PTFE in hydrogen. 

Tribology International 188 (2023) 108905. 

 

Conference Proceedings  

 

⚫ Q. Chen, T. Morita, Y. Sawae, K. Fukuda, J. Sugimura, Effects of Trace Moisture 

Content on TriboFilm Formation, Friction and Wear of CF-filled PTFE in Hydrogen, 

77th STLE Annual Meeting & Exhibition, 21-25 May. 2023, Long Beach, USA. 

 

⚫ Q. Chen, T. Morita, Y. Sawae, K. Fukuda, J. Sugimura, Friction and Wear of CF-

filled PTFE in High-purity Hydrogen under Varying Trace Moisture Content, 9th 

International Tribology Conference, 25-30 Sep. 2023, Fukuoka, Japan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All men by nature desire to know. 

- Aristotle, Metaphysics (translated by W. D. Ross) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

Contents 

List of Figures............................................................................................................................ 9 

Abbreviations .......................................................................................................................... 12 

1. Introduction ........................................................................................................................ 13 

1.1 General background ........................................................................................................ 13 

1.2 Research goals ................................................................................................................ 14 

1.3 Thesis outline ................................................................................................................. 16 

2. Literature review ................................................................................................................ 17 

2.1. Hydrogen ...................................................................................................................... 17 

2.2. Polymer materials in hydrogen environment..................................................................... 18 

2.2.1 Properties pertaining to the tribological application of polymers ......................... 19 

2.2.2. Polytetrafluoroethylene (PTFE) .......................................................................... 19 

2.3. Friction of PTFE composites ........................................................................................... 21 

2.3.1. General considerations ......................................................................................... 21 

2.3.2. Effect of various fillers on friction coefficient ...................................................... 21 

2.3.3. Effect of sliding speed on friction coefficient ....................................................... 22 

2.3.4. Effect of temperature on friction coefficient ........................................................ 22 

2.3.5. Effect of water content on friction coefficient ...................................................... 23 

2.4 Wear of PTFE composites ................................................................................................ 24 

2.4.1. Effect of water content on wear rate ..................................................................... 25 

2.4.2. Effect of contact pressure on wear rate ................................................................ 25 

2.5. Tribofilm ....................................................................................................................... 26 

2.5.1 Definition .............................................................................................................. 26 

2.5.2 Formation in dry friction condition ....................................................................... 27 

2.5.3 Factors on transfer film formation ......................................................................... 27 

2.6. Summary ....................................................................................................................... 28 

3. Materials and Methods ....................................................................................................... 29 

3.1 Materials ........................................................................................................................ 29 

3.2 Methods ......................................................................................................................... 29 

3.2.1 Friction and wear measurements ........................................................................... 29 

3.2.1.1 High purity atmosphere control tribometer .................................................... 30 

3.2.1.2 Moisture controller & analyzer ....................................................................... 31 

3.2.1.3 Wear characterization ..................................................................................... 33 

3.2.2 Contact temperature ............................................................................................. 33 

3.2.3 Surface characterization techniques ...................................................................... 33 



7 

 

3.2.3.1 Confocal laser scanning microscopy ............................................................... 33 

3.2.3.2 Laser Raman microscope ................................................................................ 33 

3.2.3.3 Fourier transform infrared spectroscopy (FT-IR) .......................................... 34 

3.2.3.4 X-ray photoelectron spectroscopy (XPS)........................................................ 35 

3.2.3.5 Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) ... 35 

4. Tribological properties of CF-filled PTFE in hydrogen ....................................................... 37 

4.1. Introduction ................................................................................................................... 37 

4.2 Results and discussion ..................................................................................................... 38 

4.2.1 Effect of hydrogen on the friction and wear of CF-filled PTFE ............................ 38 

4.2.2 Effect of air exposure on the friction and wear of CF-filled PTFE ........................ 40 

4.2.3 Characterization of the tribofilm and transfer film formed on the worn surfaces of 

sliding couple .................................................................................................................. 40 

4.2.3.1 Morphology of worn surfaces .......................................................................... 40 

4.2.3.2 Microstructure and surface chemistry analysis ............................................... 42 

4.2.4 Tribofilm formation and their role on friction and wear mechanisms .................. 47 

4.3 Conclusion ..................................................................................................................... 49 

5. The effect of trace moisture on the tribological behavior of CF-filled PTFE in hydrogen .... 51 

5.1 Introduction .................................................................................................................... 51 

5.2 Results and discussion ..................................................................................................... 52 

5.2.1 Effect of moisture content on friction and wear of CF-filled PTFE ...................... 52 

5.2.2 Characterization of the tribofilm and transfer film formed on the worn surfaces of 

sliding couple .................................................................................................................. 55 

5.2.2.1 Morphology of worn surfaces .......................................................................... 55 

5.2.2.2 Microstructure and surface chemistry analysis ............................................... 59 

5.2.3 Tribofilm formation and their role on friction and wear mechanisms .................. 70 

5.2.3.1 Tribofilm formation and CF-filled PTFE tribology in moisture content less than 

1 ppm .......................................................................................................................... 72 

5.2.3.2 Tribofilm formation and CF-filled PTFE tribology in moisture content of 

approximately 20 ppm ................................................................................................ 73 

5.2.3.3 Tribofilm formation and CF-filled PTFE tribology in moisture content of 

approximately 40 ppm ................................................................................................ 74 

5.2.3.4 Linking applied trace moisture contents with CF-filled PTFE friction and wear

 .................................................................................................................................... 75 

5.3 Conclusion ..................................................................................................................... 75 

6. The tribological performance of CF-filled PTFE in hydrogen under high contact pressure . 77 

6.1 Introduction .................................................................................................................... 77 



8 

 

6.2 Results and discussion ..................................................................................................... 78 

6.2.1 Effect of contact pressure on tribology of CF-filled PTFE .................................... 78 

6.2.2 Effect of initial moisture content on tribology of CF-filled PTFE under high contact 

pressure .......................................................................................................................... 80 

6.2.3. Characterization of the tribofilm and transfer film .............................................. 81 

6.2.3.1. Morphology of worn surfaces ......................................................................... 81 

6.2.3.2. Microstructure and surface chemistry analysis .............................................. 82 

6.2.4 Tribofilm formation and their role on friction and wear mechanisms .................. 88 

6.2.4.1. Tribofilm formation at moisture content less than 0.25 ppm ........................ 88 

6.2.4.2. Contact temperature during sliding ............................................................... 89 

6.2.4.3. Tribofilm formation at moisture content level higher than 0.25 ppm ........... 89 

6.3 Conclusion ..................................................................................................................... 91 

7. Conclusions ........................................................................................................................ 92 

7.1 Effects of hydrogen on the tribological performance of CF-filled PTFE .............................. 92 

7.2 Effects of trace moisture content on the tribological performance of CF-filled PTFE ............ 93 

7.3 Effects of contact pressure on the tribological performance of CF-filled PTFE..................... 93 

7.4 Tribofilm formation factors .............................................................................................. 94 

List of References ................................................................................................................... 95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

List of Figures 

  

Fig. 3. 1 Schematic of Pin-on-Disk type tribometer installed in high-vacuum chamber 

Fig. 3. 2 Schematic of moisture controller 

Fig. 4. 1 Variations of friction coefficient with sliding distance in different gaseous atmosphere (a: 

with total sliding distance of 40000 m; b: with total sliding distance of 50000 m) 

Fig. 4. 2 Plots of specific wear rates with sliding in different gaseous atmosphere (a: with total sliding 

distance of 40000 m; b: with total sliding distance of 50000 m) 

Fig. 4. 3 Optical and 3D images of worn surfaces of sliding couple in different gaseous atmosphere 

with total sliding distance of 40000 m: (a) pin specimen in hydrogen; (b) pin specimen in nitrogen; (c) 

disk specimen in hydrogen; (d) disk specimen in nitrogen 

Fig. 4. 4 Representative Raman spectra obtained from worn surfaces of PTFE composites specimens 

(1) typical D and G bands obtained from tribofilm formed in hydrogen, (2) exposed resin surface in 

nitrogen 

Fig. 4. 5 Ratios of peak Intensity of D bond to peak Intensity of G bond obtained from both worn 

surfaces in different gaseous atmosphere (n = 70) 

Fig. 4. 6 Correlation between atomic ratios of transfer films formed atop disk surfaces and gaseous 

atmosphere 

Fig. 4. 7 XPS spectra at 5 element regions from disk surfaces in different gaseous atmosphere (left: in 

hydrogen; right: in nitrogen) 

Fig. 5. 1 Variations of friction coefficient and moisture content with sliding distance 

Fig. 5. 2 Plots of specific wear rates and average friction coefficient against moisture content 

Fig. 5. 3 Optical and 3D images of worn surfaces of PTFE composite specimens with moisture content: 

(a) 0.89 ppm; (b) 8.26 pp; (c) 18.7 ppm; (d) 33.8 ppm 

Fig. 5. 4 Optical and 3D images of worn surfaced of stainless-steel specimens with moisture content: 

(a) 0.89 ppm; (b) 8.26 pp; (c) 18.7 ppm; (d) 33.8 ppm 

Fig. 5. 5 Plots of area roughness of PTFE composite and stainless-steel worn surfaces against moisture 

content (n = 40) 

Fig. 5. 6 Representative Raman spectra obtained from worn surfaces of PTFE composites specimens 

(1) multiple peak-fit for D and G bands in the spectra obtained from tribofilm formed in 0.89 ppm, (2) 

exposed resin surface in 18.7 ppm 



10 

 

Fig. 5. 7 Variation of carbon area intensity calculated from Raman spectra obtained from both 

tribofilm and transfer film formed atop worn surfaces with moisture content (n = 200)  

Fig. 5. 8 Plots of ratio of peak Intensity of D1 and D3 to peak Intensity of G peak obtained from both 

worn surfaces against moisture content. (a) Ratio of peak Intensity of D1 to that of G peak; (b) ratio 

of peak intensity of D3 to that of G peak (n = 200) 

Fig. 5. 9 IR spectra obtained from tribofilms formed atop PTFE composites surfaces 

Fig. 5. 10 XPS spectra obtained from transfer film formed atop stainless steel surfaces ((a) bluish patch, 

(b) brown patch) 

Fig. 5. 11 Correlation between atomic ratios of transfer films formed atop disk surfaces and moisture 

content 

Fig. 5. 12 Representative multiple peak-fits for XPS spectra at 5 element regions from disk surfaces (0 

nm, 0.89 ppm)  

Fig. 5. 13 Correlation between chemical composition of transfer films and moisture content  

Fig. 5. 14 Plots of ratio of atomic amount of C–C sp3 band to that of carbon from transfer films against 

moisture content  

Fig. 5. 15 Schematic of surface condition of both worn surfaces. (a) Before the sliding test; (b) 

moisture content < 1 ppm, (c) moisture content ~20 ppm, (d) moisture content ~40 ppm  

Fig. 6. 1 (a) Variations of friction coefficient and moisture content with sliding distance under different 

contact pressure; (b) Variations of friction coefficient and moisture content with sliding distance in 

high pressure contact 

Fig. 6. 2 (a) Specific wear rates under different contact pressure; (b) Plots of specific wear rates and 

average friction coefficient against average moisture content 

Fig. 6. 3 Optical and 3D images of worn surfaces of sliding couple with different initial moisture 

content level in high pressure contact: (a) pin specimen at initial moisture content less than 0.25 ppm; 

(b) pin specimen at initial moisture content larger than 0.25 ppm; (c) disk specimen at initial moisture 

content less than 0.25 ppm; (d) disk specimen at initial moisture content larger than 0.25 ppm 

Fig. 6. 4 Representative Raman spectra obtained from worn surfaces of PTFE composites specimens, 

multiple peak-fit for D and G bands in the spectra obtained from tribofilm formed in hydrogen 

Fig. 6. 5 Correlation between atomic ratios of transfer films formed atop disk surfaces and moisture 

content in high pressure contact  

Fig. 6. 6 XPS spectra at 5 element regions from disk surfaces with different initial moisture content in 



11 

 

high pressure contact (left: at initial moisture content less than 0.25 ppm; right: at initial moisture 

content larger than 0.25 ppm) 

Fig. 6. 7 SEM-EDX images of transfer films atop stainless steel specimens ((a) discontinued parts of 

brown patches with initial moisture content less than 0.25 ppm, (b) discontinued parts of purple 

patches with initial moisture content over 0.25 ppm.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 

 

 

Abbreviations

ATR  

BCC 

CF 

COF 

DLC  

EDX 

FCC 

FCT 

FCV 

FTIR 

HHV 

PAN 

PEEK 

PET 

PPMv 

PTFE 

SEM-EDX 

STP 

UHMWPE 

XPS 

 

Attenuated total reflection 

Body centered cube 

Carbon fiber 

Coefficient of friction 

Diamond like carbon 

Energy-dispersive X-ray spectroscopy 

Face centered cube 

Face centered tetragon 

Fuel cell vehicle 

Fourier-transform infrared spectroscopy 

Higher heating value 

Polyacrylonitrile 

Polyetheretherketone 

Polyethylene terephthalate 

Parts per million in volume 

Polytetrafluoroethylene 

Scanning electron microscopy combined with energy dispersive X-ray spectroscopy 

Standard temperature and pressure 

Ultra-high molecular weight polyethylene 

X-ray photoelectron spectroscopy 

 

 

 

 

 

 

 

 



13 

 

1. Introduction 

 

1.1 General background 

The concept “macromolecule”, sometimes also called “polymer”, was established by 

Staudinger in 1922 to distinguish the molecules of linear high polymers from the much 

smaller common low molecular weight molecules. Except the proteins and nucleic acids 

basic to the life process, the macromolecule contains structural materials as cellulose, 

textiles as nylon, elastomers as rubber and resins as phenolics [73-74]. Parameters like 

the monomer polymerized, reagents used to initiate the polymerization reaction or 

crosslink the polymer chains, environmental temperature and pressure can easily affect 

the linearity and average molecular weight of polymer, the tacticity of side chains on 

polymer backbone, which result in the changes to properties of polymer. Their ease in 

manufacturing and low unit cost, coupled with their potentially excellent tribological 

properties in engineered forms, make polymers play an important role in the materials 

and mechanical engineering [75]. Specifically, the advent of polytetrafluoroethylene 

(PTFE) composites in the 1950s, together with other materials such as polyamides and 

polyacetals, has undoubtedly led to their use in diverse applications include gears, 

bearings, artificial human joint bearing surfaces, coating and seals [65]. Polymer 

tribology has been studied and published as research articles and reports dealing with a 

variety of tribological phenomena on a considerably largen number of polymers in bulk, 

composites and hybrid forms for over 60 years.  

Resource and environmental issues in modern society have become even more serious 

since the era when the word “tribology” was coined. Under these circumstances, fuel cells, 

which use hydrogen as an energy carrier, are attracting great attentions as a clean energy 

system that does not emit environment polluting gases such as carbon dioxide [76]. 

Moreover, fuel cell vehicles (FCVs) are desired for reducing fossil fuel consumption and 

greenhouse gas emissions in the transport and transportation fields, and technological 

development is being actively pursued to the popularization of FCVs.  Machine elements 

such as bearings and seals in the hydrogen energy system are affected by the hydrogen 

environment through interactions between material surfaces and gaseous hydrogen. 
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Therefore, friction and wear characteristics of tribomaterials in the hydrogen environment 

should be appropriately understood to establish a design guideline for reliable hydrogen 

utilization systems.    

 

1.2 Research goals  

Hydrogen has the highest gravimetric energy density (higher heating value, HHV) of all 

known substances (142 MJ/kg), and it falls to 12 MJ/m3 (volumetric energy density 

HHV) at standard temperature and pressure (STP). Therefore, hydrogen gas used in FCVs 

is compressed up to 70 MPa, latest refueling station demands a hydrogen gas compressor 

operating at ~82 MPa to fill the high-pressure storage tanks. Such adiabatic compressing 

process of hydrogen gas abruptly increases the environmental temperature to 200 °C. 

Moreover, the electrode catalysts used in fuel cells are sensitive to contaminants such as 

water and oxygen; thus, no volatile lubricant can be used and the water content of the 

hydrogen gas used in FCVs is regulated to less than 5 ppm according to the ISO standard. 

Key elements such as piston rings operate under such condition must satisfy the 

tribological requirements, long friction and wear, along with high mechanical strength 

and sealing performance. 

PTFE, which possesses excellent self-lubricating ability and a low friction coefficient 

owing to its extremely small size (~30 nm) of crystalline slice and low activation energy 

of slippage between bands [3], is considered as a representative polymeric sealing 

material for reciprocating gas compressors and regulator valves in fuel cell vehicles and 

related hydrogen infrastructures.  

 Conversely to the numerous studies on the tribological characteristics of PTFE and its 

composites in air or gases other than hydrogen [2-10, 28, 64, 74, 89, 100-108, 111-114, 

127-134], studies in hydrogen gas are limited. Sawae et al. investigated the friction and 

wear behavior of unfilled PTFE and PTFE composites in gaseous hydrogen under 

standard pressure [80], and 40 MPa pressure [76, 81-82] to understand the intrinsic effect 

of hydrogen. They also elucidate the tribological function of filler materials used in PTFE 

composites in gaseous hydrogen at 100 °C [6].  

Despite the investigations above, understanding of the friction, wear and tribofilm 

formation of PTFE composites in hydrogen gas at STP is insufficient. The effect of factors 
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other than atmospheric temperature and pressure on tribological properties of PTFE 

composites in hydrogen gas is not clear. The main motivation of this study is to improve 

the tribological properties of piston rings used in the oil-free reciprocating hydrogen gas 

compressor and to accumulate information for establishing a knowledge base for the 

logical material selection of piston rings.  

As is known to all, operating conditions like contact pressure and sliding velocity can 

affect the tribological performance of polymer composites. Since trace moisture content 

has been reported to affect the friction and wear of iron in hydrogen gas [15], it was 

supposed to affect the tribological behaviors of PTFE composites in hydrogen gas as well. 

For this reason, this work focuses on understanding the tribological characteristics of CF-

filled PTFE that performed well in previous study [6] with different contact pressure in 

dry hydrogen gas environment where moisture content is of a ppm level. Specifically, the 

transfer layer formation under different conditions was investigated, in order to correlate 

surface interactions and tribological behavior. The major contributions of this thesis to 

the field of PTFE composite tribology are: 

⚫ Information regarding the effect of gaseous hydrogen on the tribofilm formation, 

friction and wear of PTFE composites under 1 MPa normal load at STP and moisture 

content less than 1 ppm is limited. In Chapter 4, the propagation effect of hydrogen 

gas on carbon-based tribofilm formation, and its correlation to friction and wear 

decrease are revealed. Furthermore, an air exposure process is introduced to the 

sliding tests after a running-in stage of 10000 m to clarify the acceleration effect of 

water on the removal of tribofilm formed in gaseous hydrogen.  

⚫ The tribological behavior of CF-filled PTFE in gaseous hydrogen environments with 

trace moisture contents has so far not been reported. The effect of moisture content 

from 1 ppm to 40 ppm on carbon-based tribofilm and transfer film formation is 

investigated. The important role of the chemical composition of sliding counterface 

and its influence on the amount and structure of formed carbon films is demonstrated 

in Chapter 5.  

⚫ The friction, wear and tribofilm formation of CF-filled PTFE in hydrogen under high 

contact pressure of 7 MPa is explored in Chapter 6. The tribological performance of 

CF-filled PTFE has not been studied under such high contact pressure in hydrogen 
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gas. Extremely low initial moisture content level (less than 0.25 ppm) is considered 

to assist the formation of carbon film which induced the transition of friction and 

wear from high to ultralow value in hydrogen gas under high contact pressure. 

⚫ The findings presented in this work focus on the factors of carbon film formation of 

CF-filled PTFE at STP. Environmental factors like gaseous atmosphere, moisture 

content and operation factor such as contact pressure are revealed affecting the 

tribological response of CF-filled PTFE. Particularly, initial moisture content affects 

the carbon film formation of CF-filled PTFE. The increasement in contact pressure 

magnify the effects of water on the tribological response and shorten the running-in 

period for this composite.   

 

1.3 Thesis outline 

This thesis is structured as follows: 

The materials used in this thesis are presented in Chapter 3. The different techniques, 

that used to measure the friction, wear and contact temperature, and that used to control 

the atmosphere water content of chamber, together with various surface characterization 

techniques are described in this section. 

In Chapter 4, the effect of hydrogen gas on the friction and wear of CF-filled PTFE at 

STP under 1 MPa normal load with moisture content less than 1 ppm are studied. The 

formed tribofilm together with the tribochemical reaction are assessed. Moreover, the 

effect of water and oxygen on the tribofilm formed in hydrogen gas are studied. 

In Chapter 5, the effect of trace moisture content on the tribofilm formation, friction and 

wear of CF-filled PTFE in hydrogen at STP under 1 MPa was investigated. On the basis 

of these results, mechanisms of for the tribofilm formation is proposed. 

Chapter 6 compares performance of CF-filled PTFE under 1 MPa and 7 MPa normal 

load in hydrogen gas environment at STP with moisture content less than 1 ppm. 

Additionally, the influence of initial moisture content on carbon-based film formation 

under 7 MPa normal load is investigated. 

In Chapter 7, the thesis is concluded and suggestions for future work are discussed.   
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2. Literature review 

 

2.1. Hydrogen 

Recognized as a decarbonized, sustainable, and non-polluting energy source, hydrogen 

energy is expected to serve an indispensable role in the provision of electricity, heat, 

industry, energy storage, and transport in the future. 

Regarding the fact that hydrogen atom is the smallest one among the atoms of all 

elements, hydrogen gas can be easily diffused or dissolved in many materials. It also 

possesses high mobility at room temperature which can exceed the mobility of ions in 

aqueous solutions [138]. These properties of hydrogen induce the degradation of the 

mechanical properties of materials, which was first noted on the fracture properties of 

iron and steel by Johnson in 1874 and named as hydrogen embrittlement [139]. Since 

then, the deleterious effect of hydrogen on mechanical properties has been widely studied 

and been reported not only in iron and steel, but also many other materials [47-56, 140-

149]. Zapffe demonstrated the pressure of hydrogen in bubbles provides the stress for the 

formation and propagation of cracks in steels [50]. Briscoe et al. and Stevenson et al. 

observed similar blister induced fractures in elastomers [47-49]. Gent et al. reported 

defect-initiated bubbles in rubbers grow to visible sizes after decompression of hydrogen 

gas [143-144]. Yamabe et al. conducted blister tests on various kinds of ethylene-

propylene rubber (EPDM) and nitrile-butadiene rubber (NBR) composites in hydrogen 

gas and revealed that blister damage decreased with a decrease in hydrogen content which 

were proportional to hydrogen pressure [140-142]. Kazinczy and Petch indicated that the 

absorption of hydrogen at the crack tip or the surface imperfections will reduce the surface 

energy for crack propagation in metals and steels [51]. Morlet et al. and Troiano suggested 

that hydrogen can reduce the cohesive strength of the lattice [54-55]. Robertson reported 

the hydrogen enhancement of dislocation dynamics in stainless steel [56]. In addition to 

the reduction in ductility and fracture stress, the hydrogen embrittlement phenomenon 

was demonstrated to cause the change of fracture mode from ductile to brittle failure, the 

increase of slip localization, etc. [56, 145-149]. 

Besides the hydrogen embrittlement phenomenon stated above, hydrogen gas also has 
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been assumed imposing unique effects on friction and wear in many materials. It was 

believed that passivation of the carbon surface by adsorption of some species, including 

hydrogen and water, could eliminate the covalent bond interactions between carbons to 

yield lower friction. Donnet et al. concluded that hydrogen saturation on the carbon 

surfaces suppressed the carbon-carbon interaction which otherwise gave rise to higher 

friction [122]. Erdemir suggested that the super-low friction with highly hydrogenated 

DLC was provided by the elimination of the strong carbon-carbon interactions by 

hydrogen termination, in addition to the stronger shielding by di-hydration and repulsive 

electrostatic forces between hydrogen-terminated surfaces [124]. Fontaine et al, 

suggested that, while hydrogen loss from DLC surface occurred under sliding, hydrogen 

termination could be restored through introduction of hydrogen in surrounding gas [123]. 

Kurahashi et al. suggested H and/ or OH help the detachment of carbon from the DLC 

and chemical reactions for deposition on the counterface to enhance the transfer film 

formation whilst carbon-oxygen reaction retarded the formation of stable carbon film for 

low friction [41]. 

 

2.2. Polymer materials in hydrogen environment  

The mainstream application of hydrogen technologies includes fuel cells that are widely 

used in vehicles and household heating systems, enabling the development of zero-

greenhouse-gas-emission systems with reduced fossil fuel dependence [1,2].  

For facilities in the hydrogen energy system such as hydrogen production plant, 

hydrogen refueling station, FCVs and residential fuel cells, tribological components like 

seals, bearings, valves are of widespread use [2, 6, 99, 140-142, 155, 157-159]. 

Specifically, typical hydrogen refueling station consists of storage tanks, compressors, 

hydrogen dispenser, pipes and valves.  

With respect to the reciprocating gas compressors, piston rings and rod packing operated 

under extreme conditions including high gas pressure over 80 MPa, high sliding speed 

over 2 m/s, high gas temperature over 150 ℃ and water content less than 5 ppm [6, 99], 

are usually made of polymeric materials. These polymer composites usually possess 

excellent self-lubricating ability since no volatile lubricant can be used in hydrogen gas 

compressor to prevent gas contamination. For needle valves and ball valves for gas flow 

at pressure of 98 MPa, gland packings used as dynamic seals are typically made of 
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polymers [2]. Moreover, O-rings and U-packings used in pipes are made of rubbers [140-

142, 155]. 

 

2.2.1 Properties pertaining to the tribological application of 

polymers 

The ongoing pursuit of higher efficiencies and longer operating lifetime in modern 

industry have made the mechanisms behind friction and wear under extreme 

environmental conditions be of interest for decades. For this reason, tribological 

components must be able to function in dry conditions or incorporated a lubrication-for-

life system. Bearing and seal materials must suffer little wear, yet tolerate abrasion, be 

inert to corrosive environments and accommodate shock loading or pressure differences 

to some extent. Such advances in industry have only been made possible by the 

development of components manufactured from polymeric composites. Polymers are 

widely used in industry applications due partly to their molecular structure and 

viscoelastic nature that made their potentially excellent tribological properties in 

engineered forms, and partly to their lighter in weight, more chemically inert and ease in 

manufacturing than metal components [65, 75].  

The self-lubricating ability of polymers is frequently attributed to the formation of 

a so-called transfer layer or lubricant layer when soft phase such as polymers are rubbed 

against the hard phases such as steel countersurfaces [57, 121]. They are typically used 

to decrease friction and wear in industry applications involving severe sliding contacts, 

without the need for external lubrication [100].  

 The demand for developing novel lubricants generally arises in applications for 

automotive, power generation, metal forming and aerospace [87-88, 90-93], whose 

operating conditions always include high temperature, cryogenic temperature, vacuum 

pressure, high load, high speed and corrosive environments [94-98].  

 

2.2.2. Polytetrafluoroethylene (PTFE) 

PTFE is a semi-crystalline polymer, which represents complex crystalline phase behavior 

that includes four well-characterized phases, designated I-IV by Clark et al. [152-153]. 
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These unusual crystal forms and substantial molecular motion of PTFE depends on 

atmospheric pressure and temperature [74, 100]. Three crystalline structures (phases II, 

IV and I) are observed at atmospheric pressure. When temperature is lower than 19 ℃, 

the molecular conformation of phase II is equivalent to a planar polyethylene type zig-

zag which is given a 180° twist in 13 (CF2) motifs. This is a 13/6 helix, which means the 

atoms are evenly spaced along a helix having six turns per 13 atoms to form the repeat 

unit. The structure is of a well-ordered triclinic form – one helix for the carbon and one 

for each fluorine. The first-order transition at 19 ℃  between phases II and IV is an 

unraveling in the helical conformation from a 13/6 conformation to a 15/7 conformation. 

Further rotational disordering and untwisting of the helices occurs above 30 ℃ to form a 

pseudohexagonal structure with dynamic conformational disorder and long-range 

positional and orientational order (phase I). In addition, the crystal form of PTFE is forced 

to a planar zig-zag conformation (phase III) at high atmospheric pressure (above 0.5 GPa). 

Brown et al. [151] demonstrated that crack propagation in PTFE is strongly phase 

dependent with a brittle to ductile transition associated with the three ambient pressure 

crystalline structures (phases II, IV and I). In this study, atmospheric temperature is higher 

than 25 ℃  and the molecular conformation of PTFE is phases IV and I. Increases in 

fracture toughness and local plastic deformation are suggested during the sliding tests.  

Since the molecule has no branches and is not bulky, the molecular profile of PTFE is 

smooth and give rise to the low friction and easy formation of thin transfer film on the 

counterface in sliding [89]. Moreover, it has been pointed out that PTFE possesses low 

friction owing to its extremely small size (~30 nm) of crystalline slice and low activation 

energy of slippage between bands [3]. PTFE exhibits a very low friction and retains used 

mechanical properties at temperature from -260 to +260 ℃  for continues use. The 

crystalline melting points of PTFE is 327 ℃ , much higher than that of other 

semicrystalline polymers. It is nearly chemically inert and does not absorb water, leading 

to excellent dimensional stability. Conversely, the dominant failure of PTFE under stress 

is indicated as cold flow and it reveals the highest wear among the semicrystalline 

polymers [100]. 
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2.3. Friction of PTFE composites 

2.3.1. General considerations 

Definitions of friction from the glossary in the new ASME wear control handbook in 1980 

[109]. Friction refers to the resisting force tangential to the common boundary between 

two bodies when, under the action of an external force, one body moves, or tend to move, 

relative to the surface of the other.  

 If two bodies are placed in contact under a normal load, FN, a finite force is required to 

trigger or maintain sliding. This finite force is the friction force, FF. In this situation, 

Amontons-Coulomb laws of dry sliding friction are used, the details of which are as 

follows: 

⚫ The friction force always acts in the direction opposite to that of the relative velocity 

of the surfaces. 

⚫ The friction force is proportional to the normal load. 

𝐹𝐹 = 𝑓 ∙ 𝐹𝑁 

    And the coefficient of friction can be calculated in the equation 

𝑓 = 𝐹𝐹/𝐹𝑁 

⚫ The friction force is independent of the apparent geometric area of contact. 

Moreover, the friction coefficient is demonstrated as the combined effects of three parts: 

asperity deformation, ploughing by hard counterface asperities and wear debris and the 

adhesion between flat surfaces [110].  

 

2.3.2. Effect of various fillers on friction coefficient 

To overcome the inhibited weakness of PTFE, various fillers were used to develop 

composites for high wear resistance. Firstly, short fiber fillers, such as carbon, glass, and 

aramid fibers, and hard particles like bronze, aluminium oxide and polyetheretherketone 

(PEEK) have been successfully adapted to improve the strength and therefore the load-

carrying capacity of PTFE composites under various wear modes [2, 5-10, 64]. Solid 

lubricants, such as graphite and MoS2, have proved to be helpful even in reducing the low 

frictional coefficient of PTFE as well as the wear rate [106-108]. Moreover, nano-phased 
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materials, nanosized fillers such as nanoparticles and carbon nanotubes (CNTs) have 

shown the wear resistance of polymers even at very low filler content (~1–4 vol.%) [101-

105].  

 The effect of various fillers on friction of PTFE composites has been reported in previous 

studies. Lancaster showed that glass fiber filled PTFE has higher friction than carbon 

fiber filled PTFE [111]. Tanaka et al. investigated the friction of 20 wt % glass fiber filled 

PTFE and 20 wt % CF-filled PTFE against steel and glass disk specimens at various 

sliding speed. They indicated the friction of CF-filled PTFE is greater than that of glass 

fiber filled PTFE [112-113]. Moreover, Tanaka et al. studied the friction behaviors of 

glass fiber, bronze, ZrO2, TiO2, MoS2 and graphite filled PTFE [114]. They demonstrated 

that thin film of PTFE which exists at the interface between fillers and disk surface results 

in the similar friction behaviors of various types of filler filled PTFE. The only exception 

is ZrO2-filled PTFE, in which condition there was not PTFE film formed. The absence of 

PTFE film gave rise to the friction of ZrO2-filled PTFE higher than that of others.  

 

2.3.3. Effect of sliding speed on friction coefficient 

Shooter et al. and Bowden et al. studied the relationship between sliding speed, contact 

temperature and the friction of polymer sliding against steel [115-116]. From their results, 

the friction is neat independent of sliding speed when contact temperature remains 

constant. Conversely, at high sliding speed the friction coefficient is highly dependent on 

contact temperature. Since high sliding speed generates large amount of friction heat that 

always results in high contact temperature, it is difficult to investigate the effect of sliding 

speed without the influence of friction heat.  

 

2.3.4. Effect of temperature on friction coefficient  

Gardos digested self-lubricating materials such as PTFE and graphite composites 

operating in inert gases, air and vacuum at moderate temperature (to 540℃) and in high 

temperature air (to 640℃) [150]. He demonstrated chemical reaction from the interface 

such that, as exothermic oxidation, generated enough heat and various products to the 

friction couple. The dissipation of these heat, coupled with load-speed-induced flash 
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temperature, give rise to degradation of polymer matrix of the self-lubricating composites 

and increase the abrasive damage at the interface. According to the results obtained, he 

indicated the most important factor affects tribological behaviors is the effectiveness of 

preferentially accumulated, low shear strength layers on the composites. Sawae et al. 

conducted sliding tests using single-filler PTFE composites with four kinds of filler 

materials in gaseous hydrogen environments at 100 ℃ [6]. The results revealed that 

polyacrylonitrile (PAN)-based CF-filled PTFE exhibited the lowest friction and wear in 

hydrogen, and the tribological mechanisms of low friction and wear could be ascribed to 

the formation of carbon-based films on both the surfaces of the sliding couples. 

 

2.3.5. Effect of water content on friction coefficient 

Water content has long been known to affect the tribological characteristics of PTFE 

composites, especially the formation of PTFE transfer films. Based on the study of 

Lancaster, three effects of water were indicated being of great importance on the 

tribological behaviour of pure PTFE [11]. The absorbed water molecule or hydraulic 

effect induced cracking propagation on both PTFE and counterface material, 

tribochemical reactions with the sliding surfaces and prevention or propagation to the 

formation of three-body layers of aggregated wear debris. Additionally, regarding the 

influence of water on wear deterioration of PTFE, Mcnicol et al. performed valuable 

investigation on the degradation of transferred PTFE at high humidity (over 95% RH) 

[14], their results validated that adhesion between PTFE and stainless steel counterface 

was reduced by the increased amount of absorbed water on the metal surface.       

Haidar et al. indicated that strong physical interactions between the PEEK filler particles 

and the counterface stabilized the PTFE transfer film, thereby exhibiting an ultralow wear 

rate and low friction coefficient in dry nitrogen (RH: 0.05%) [10]. 

Despite the aforementioned studies, the effects of trace moisture content in hydrogen 

gas on the tribological behaviors of carbon-filled PTFE, such as carbon film formation, 

remains unclear and has not yet been explained in the literature.  
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2.4 Wear of PTFE composites 

Definitions of wear from the glossary in the new ASME wear control handbook in 1980 

[109]. Wear is the progressive loss of substance from the operating surface of a body 

occurring as a result of relative motion at the surface. Similar to friction, the wear 

behavior of materials is also a very complicated phenomenon influenced by various 

factors and including varieties of wear mechanisms. Burwell demonstrated the wear 

mechanisms consists of four major parts [117]: abrasion, adhesion, surface fatigue and 

tribochemical processes.  

For abrasive wear mechanism, Khrushov has built models base on comprehensive 

experimental work on abrasive wear of metallic and non-metallic. The details of which 

are as follows: 

⚫ Technically pure metals in an annealed state sliding against annealed steels show a 

direct proportionality between relatively wear resistance and pyramid hardness. 

⚫ For non-metallic hard materials and minerals, an approximately linear function 

between wear resistance and hardness is found. 

As is known from the mechanical behavior of bulk materials under repeated mechanical 

stressing, microstructural changes in the material may occur which result in gross 

mechanical failure. These effects are mainly based on the action of stresses in or below 

the surfaces, and Lang indicated that surface fatigue occurs in journal bearings where the 

interacting surfaces are fully separated by a thick lubricant film [118]. 

 The adhesive wear processes are initiated by the interfacial adhesive junctions which 

form if solid materials are in contact on an atomic scale. The wear resulting from adhesive 

processes has been described phenomenologically by the well-known Archard equation 

[119]. It depends on various properties of the materials in contact such as electronic 

structure of contacting partners, the crystal structure, crystal orientation, etc.  

 With respect to trobochemical wear, the environment and the dynamic interactions 

between the material components and the environment determine the wear process. The 

interaction of which can be expressed as cyclic stepwise processes.  
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2.4.1. Effect of water content on wear rate 

Schubert carried out an extremely comprehensive series of wear tests to investigate the 

influence of humidity and type of gas on the wear of PTFE composites at 70 ℃, over a 

span of about 0.1-10000 ppm moisture content [12]. His results revealed the wear of any 

one PTFE composite was influenced by both the type of gas and its humidity. Fuchsluger 

et al. performed a similar series of wear tests of filled PTFE composites in air and in 

nitrogen [13]. They indicated moisture content had a direct effect on the ability of the 

material to develop a protective, wear-resistant lubricating film. 

Furthermore, Campbell et al. suggested that tribochemically generated carboxylate end 

groups anchoring the polymer transfer films to the counterface can induce remarkably 

low wear rates of PTFE composites in humid air (RH: 50%) [7]. Similarly, Krick et al. 

and Harris et al. ascribed the ultralow wear behavior of PTFE/alumina composites in 

humid nitrogen (RH: 87%) to tribochemical degradation products such as carboxylates 

[8,9]. 

 

2.4.2. Effect of contact pressure on wear rate 

The effects of load on the friction and wear performance of polymers and their composites 

have widely been reported [70]. Zhang et al investigated the tribological behaviors of 

PEEK under different contact pressure [62], they suggested a transition of wear 

mechanism from microcutting effect and elastic deformation under low contact pressure 

to the plastic flow and fracture with high contact pressure. Garrison extended the 

Khruschov’s abrasive wear rule to the volume wear rates of ceramic materials as a non-

linear function of applied load [63]. In addition, Anderson evaluated the wear behaviors 

of 15 % graphite filled polyimide and PTFE coated asbestos at a constrained temperature 

of 50 C under varying contact pressure [65], he indicated the increase in contact pressure 

gave rise to the increase in plastic deformation of both materials and finally resulted in 

the increase in wear rates. Similarly, Lancaster ascribed the increase in wear rates of 

bronze/PTFE/Pb bearings at high stress to the fracture of material and the additional 

surface damage induced by wear debris [67, 125]. Dowson et al demonstrated that higher 

applied load was critical for the disrupt of formed three-body layer which gave rise to the 
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increased wear rate of ultra-high molecular weight polyethylene (UHMWPE) [66]. 

Conversely, Voss et al declared that the effect of load on the wear of unfilled PEEK is 

reduced by added with glass fibers [64].  

Moreover, high contact load may lead to the rise of temperature at sliding interface by 

the generation of friction heat. Since the mechanical properties of all polymers and 

composites decrease as the temperature is increase, the changes of wear rates induced by 

load may be partly due to temperature. Hanchi et al reported a sudden increase in both 

friction coefficient and wear rate of PEEK when contact temperature reaches glass 

transition [68]. Samyn et al indicated surface softening by increase of friction heat at 

higher contact pressure trigger the transition from mild to severe wear of PTFE filled 

polyethylene terephthalate (PET) [69].  

Although previous studies have been carried out on the tribological characteristics of 

CF-filled PTFE in hydrogen with low contact pressure [6, 77, 80-82], information about 

that under high contact pressure conditions is limited.  

 

2.5. Tribofilm  

2.5.1 Definition 

Polymers have increased in popularity for tribological applications for their so called 

“self-lubricating” property. This property is the results of polymeric materials being 

transferred from the polymeric component onto the countersurface (usually steel) and is 

called a transfer layer. Much has been written that polymer transfer to the counterface 

occurs during the sliding of polymers and that the effective transfer layers play an 

important role in their tribological characteristics [100, 126]. Briscoe [57] indicated that 

the processes of this formation as: 1. Produce a stable interface layer by mechanical work 

accompanied with subsurface damage. 2. Mobile additives migrate and provide a self-

regenerating lubricant layer. He also described the effective transfer film as a “thin”, 

“uniform”, and “stable” layer of material that has been transferred from one surface to 

another by adhesive wear. In the scope of this work, the transfer layer is supposed as a 

polymeric material that adheres to a countersurface during rubbing, with no permanent 

state of adhesion required. 
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2.5.2 Formation in dry friction condition 

When a polymer is rubbed against a metal countersurface, it experiences shear stresses 

and thermal softening as a result of frictional heating. The surface asperities of the 

polymer deform and yield leading to the removal of particles. In the absence of lubricants, 

the adhesion force between the two rubbing surfaces affects the transfer layer formation 

[57]. The pull-off force between the two surfaces may cause a large coefficient of friction 

and affects the amount wear. Within the first instance of contact, the softer material 

undergoes deformation and wear. The detached polymeric material can either form wear 

debris or attach onto the countersurface to create a transfer layer. It is a way for polymers 

to self-lubricate. 

 

2.5.3 Factors on transfer film formation 

For decades, mechanisms have been suggested to study the formation of transfer film and 

their role in friction and wear. J. Ye [127-128] indicated the driving force for PTFE 

transfer arises from surface energy reduction, where PTFE transfers to its counterpart 

with higher surface energy. Pooley et al. [129] observed the transfer of extremely thin 

PTFE film (2.5 nm), and ascribe the light transfer of PTFE that gave rise to the low 

friction to their smooth molecular profiles. Similarly, Tanaka et al. [130] revealed the 

transfer and low friction of PTFE sliding against glass surface. Makinson et al. [131] 

indicated the energetics of crack formation and propagation to form large PTFE fragments 

which will increase the overall wear rate are accelerated at higher lising speeds.  

Moreover, the environmental sensitivity of the operating system has been investigated 

and tribochemical reactions was previously proposed mainly in cases of PTFE and its 

composites. The generation of carboxyl groups at humid environment was suggested to 

play a dominant effect on chelating polymer segments to metallic counterface, which 

resulted in low friction [7, 132-133]. Conversely, water was demonstrated to induce the 

adhesion of transfer film in the oxide-copper oxide-PTFE sliding system, as a result, 

accelerates the wear process [28]. Glaeser et al. [134] observed the transition of PTFE 

wear mechanism from the formation of flake-like debris and gross plastic deformation to 
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abrasive wear producing fine powdery debris in 77K. Sawae et al. [6] conducted sliding 

tests using single-filler PTFE composites with four kinds of filler materials in gaseous 

hydrogen environments at 100 ℃, revealed that formation of carbon-based films on 

sliding interfaces give rise to the lowest friction and wear in hydrogen. Chen et al. [120] 

investigated the tribological performance of CF-filled PTFE and indicated that carbon 

films formed on sliding counterface varied in structure and amount as disk surface 

chemical composition changes, resulting in different friction and wear behaviors. 

 

2.6. Summary 

Questions remain concerning the formation of a polymeric transfer layer onto the 

countersurface during dry sliding. Much of the work performed in this area to dates 

examines the formation of a transfer layer for PTFE and its composites at room 

temperature due to the poor performance of polymers under extreme conditions in 

hydrogen. There is therefore an interest in determining how the polymeric transfer layer 

formed under various harsh conditions. In this work, effects of hydrogen gas, trace 

moisture content and contact pressure on the tribofilm and transfer film formation of CF-

filled PTFE are investigated in order to improve the tribological performance and life 

time of seals in the reciprocating gas compressors in hydrogen refueling station. Several 

surface analysis techniques such as optical microscopy and analytical techniques will be 

used to detect changes occurring at the transfer layer. This work will therefore add to 

current knowledge about the logical material selection of piston rings.  
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3. Materials and Methods  

 

3.1 Materials  

This study selected 20 wt% polyacrylonitrile (PAN)-based random-orientated CF-filled 

PTFE, a sealing ring material used in hydrogen gas compressors, owing to its adequate 

carbon film formation ability and low friction and wear behavior in a gaseous hydrogen 

environment [6]. The bar stock of the arranged PTFE composites was machined into pin-

shaped specimens of dimensions 15 mm × 6 mm (length ×diameter).  

Although austenitic stainless steel is used in hydrogen gas compressors, a harder 

martensitic stainless steel (SUS440C, JIS) with a Vickers hardness of 660 was used as the 

sliding counterface. Meanwhile, both austenitic (fcc-lattice) and martensitic (fct-lattice) 

steels are much less susceptible to hydrogen embrittlement than ferritic (bcc-lattice) steels 

[138]. Consequently, the wear of the counterface was limited, and most of the wear in the 

sliding tests occurred from the PTFE composites. In addition, disk-shaped specimens 

were fabricated using this material with an outer diameter, inner diameter, and thickness 

of 56 mm, 20 mm, and 3 mm, respectively. These specimens were finished with a lapping 

process using abrasive paper, yielding an average roughness of 0.05 μm.  

All the pin and disk specimens were ultrasonicated in a mixture of acetone and hexane 

for 10 min. The cleaned samples were weighed using an electric balance to an accuracy 

of 0.01 mg after a vacuum process from 15 min to 2 hours and stored in a dry cabinet 

until the sliding test. 

 

3.2 Methods 

3.2.1 Friction and wear measurements 

The sliding tests were performed on a pin-on-disk apparatus. High purity tribometer was 

used to measure coefficient of friction in this thesis.  
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3.2.1.1 High purity atmosphere control tribometer 

The schematic of the high purity tribometer is shown in Fig. 1. The high-vacuum chamber 

was equipped with scroll and turbomolecular vacuum pumps. In addition, a custom-made 

tribometer revolved by a servomotor and a temperature sensor adjacent to the sliding 

interface were set in the chamber. The latter was used to collect temperature data near the 

sliding interface. 

 For the tribometer, the pin specimen, fixed in the pin holder, was loaded against the metal 

disk specimen through a lever arm with a dead weight. A biaxial load cell located between 

the pin holder and lever arm was used to measure the vertical contact force and tangential 

friction force exerted at the sliding interface. Subsequently, these data were used to 

calculate the friction coefficient as a quotient of the friction and vertical contact forces.  

 Baking processes of empty chamber were carried out at a temperature over 150 °C and 

environmental gas pressure magnitude of 10-4 Pa for at least 2 h to eliminate the effects 

of contaminants of residual air every time before the sliding test. After all the specimens 

settled in the tribometer, the chamber was sealed and evacuated until the atmospheric 

pressure was less than 5 × 10-4 Pa for the same reason. Hydrogen gas was subsequently 

supplied to the chamber through a moisture controller until the atmospheric pressure 

slightly exceeded the standard atmospheric pressure. 

 All pin and disk specimens are stored in desiccator before and after the sliding tests.  

 In chapter 4, sliding tests were conducted over two kinds of sliding distance in hydrogen 

and nitrogen. One was a total sliding distance of 40000 m, another was a sliding distance 

of 10000 m + 40000 m type, an air exposure process was carried out for at least 1 hour 

after the first 10000 m sliding. During the air exposure process, both pin and disk 

specimens were taken out from the chamber and exposed to the laboratory air at room 

temperature and standard atmosphere. Additionally, the contact pressure and sliding speed 

were set in accordance with the operating conditions of the PTFE seals in the 

reciprocating compressor at 1 MPa and 2 m/s, respectively [4]. The moisture content 

during the sliding tests was maintained at levels of less than 1 ppm. The sliding tests with 

the sliding distance of 10000 + 40000 m were conducted twice. 

In chapter 5, all sliding tests were conducted over a total sliding distance of 40000 m, 

when the sliding couple was at a stable stage, according to a previous study [6]. In 
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addition, the contact pressure and sliding speed were set at 1 MPa and 2 m/s, respectively. 

The moisture content during the sliding tests was maintained at levels of less than 1, 10, 

20, and 40 ppm because the water content in the hydrogen fuel was limited to less than 5 

ppm, conforming to the ISO standard. The sliding tests were performed twice for each 

moisture content level. 

 In chapter 6, all sliding tests were conducted twice over the sliding distance of 40000 m. 

The contact pressure and the sliding speed was set as 7 MPa and 2 m/s , respectively. The 

moisture content during the sliding tests was maintained at levels from 200 ppb to 900 

ppb.  

 

 

 

 

 

 

3.2.1.2 Moisture controller & analyzer 

A moisture controller developed by Fukuda [15] coupled with a moisture analyzer 

(HALO, Tiger Optics, LLC, Warrington, PE, USA) was used to control and monitor the 

atmospheric environment. GE infrastructure sensing M-series thin-film aluminum oxide 

Fig. 3. 1. Schematic of Pin-on-Disk type tribometer installed in high-

vacuum chamber 
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sensors are used in the moisture analyzer, each sensor is individually computer-calibrated 

against known moisture concentrations. The measured dew point will be the real dew 

point of the system at the measurement location and at the time of measurement. The 

instrument has a very rapid response time and it is not affected by changes in fluid flow 

rate. The electronics output PPMv (parts per million in volume) in gases at constant 

pressure.  Units of measure are commonly used in the gas industry to express the weight 

of water per unit volume of carrier gas. They all represent a vapor density and are 

derivable from the vapor pressure of water and the Perfect Gas Laws. Referenced to a 

temperature of 60 ℉ and a pressure of 14.7 psia, equation is as follow, 

 

𝑚𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟

𝑙𝑖𝑡𝑒𝑟 𝑜𝑓 𝑔𝑎𝑠
= 289 ×

𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟

𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑘𝑒𝑙𝑣𝑖𝑛)
 

 

The moisture controller consists of a contaminant remover and water charger. The 

contaminant remover is able to decrease the concentration of water and oxygen at a level 

of 10 ppb. The water charger with a permeation method to add aimed concentration of 

water from less than 100 ppb to 50000 ppb by changing the floating rate of the inlet gas 

and the height of permeation tip. The purified gas was directly led to the water charger 

and then introduced to the chamber without influencing the concentration of oxygen.   

 

 

 

Fig. 3. 2. Schematic of moisture controller 
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3.2.1.3 Wear characterization 

Every time before and after the sliding tests, the pin and disk specimens were weighed by 

the electronic balance to determine the gravimetric changes per test. These results were 

subsequently converted into volumetric changes and divided by the contact force and 

sliding distance to obtain the specific wear rate. 

The final specific wear rate was calculated as equation  

𝑊𝑖 =
∆𝑀𝑖 × 𝑆𝐺𝑖

𝑁 × 𝐿
 

 Where 𝑊𝑖 (𝑖 = 𝑝: 𝑝𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑠, 𝑑: 𝑑𝑖𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑠)  is the specific wear rate, 

∆𝑀𝑖 (𝑖 = 𝑝, 𝑑) is the amount of matter loss during the sliding test, 𝑆𝐺𝑖  (𝑖 = 𝑝, 𝑑) is the 

relative density of specimens to water. 𝑁, 𝐿 are the load and sliding distance, respectively.   

 

3.2.2 Contact temperature  

A temperature sensor adjacent to the sliding interface were set in the chamber. This sensor 

was used to collect temperature data near the sliding interface during the whole sliding 

test. 

 

3.2.3 Surface characterization techniques  

3.2.3.1 Confocal laser scanning microscopy  

After the sliding test, the worn surfaces of both the pin and disk specimens were analyzed 

via optical microscopy at magnifications of 0.58, 1, 10, 20, and 50. The samples were 

then observed using a confocal microscope (VK-X, KENYENCE) at magnifications of 

10 ×, 20 ×, 50 ×, and 150 × to obtain the surface area roughness and height distribution. 

 

3.2.3.2 Laser Raman microscope  

Raman spectroscopy is a standard nondestructive tool for the characterization of sp2 

carbon materials such as carbon black and pitch from graphite; sp3 carbon material such 

as diamond; fullerene and sp carbon material such as carbine. It is a form of inelastic 
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scattering of photons, whose excitation puts the molecule into a virtual energy state before 

the photon is emitted. The energy difference between the initial and final energy state is 

typically used to determine the vibration modes of molecules. Since the magnitude of the 

Raman effect correlates with the polarizability of the electrons in the molecule and visible 

photons preferentially excite the 𝜋  states, visual Raman spectroscopy is 50-230 times 

more sensitive to sp2 sites.  

A laser Raman microscope (DXR2xi, Thermo Fisher Scientific) was used to collect 

spectra from the tribofilms formed on the polymer composites and the transfer films 

formed on the disk specimens. Spectra of 15-20 points were analyzed from every 

specimen surface at magnifications of 50 × and 100 × using an excitation laser with a 

wavelength and power of 455 nm and 0.5 mw. Subsequently, carbon-based area intensity 

calculations and peak resolutions were performed to analyze the amount and structure of 

the self-formed carbon films on both specimen surfaces. 

 In chapter 5, the peak resolutions were conducted for the G and D bands of the transfer 

films. The intensities of the D1, D2, D3 and G peaks were calculated [16,17] to analyze 

the structures of the formed carbon-based films. 

 

3.2.3.3 Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy is used to identify the chemical bonds and 

functional groups. The absorption of infrared radiation occurs at resonant frequencies 

which are affected by the modes of vibration, the strength of bonds and the mass of the 

atoms at either end of it.  

The attenuated total reflection (ATR) analysis via Fourier-transform infrared 

spectroscopy (Nicolet iN10, Thermo Fisher Scientific) with a germanium tip at an angle 

of 0° was used to identify chemical compounds other than CF and PTFE in the tribofilms 

formed on the surfaces of the polymer composites. IR spectra were obtained from 256 

scans between 675 to 4000 cm-1 at a wavenumber resolution of 4 cm-1. The depth 

resolution of the FTIR is of the order of 1 𝜇𝑚 . The resulting spectra were baseline 

corrected and the FTIR background was taken measurement with the germanium tip. The 

ATR pressure and the measurement aperture were 5 mN and 72 × 72 𝜇𝑚2 , respectively. 

In Chapter 5, IR spectra obtained from the pin specimen surfaces were used to clarify the 
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existence of graphite structure and the oxidation of carbon radicals from PTFE.  

 

3.2.3.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique based 

on the photoemission process in high vacuum environment. The chemical states and the 

chemical bonds can be known from the measurement of the kinetic energy and the number 

of the ejected electrons. It is usually used to analyze the inorganic compounds and metal 

alloys. 

An X-ray photoelectron spectrometry (JPS-9200KM, JEOL) with a monochromatic 

AlKa source of radiation at 1486.6ev was utilized to acquire the chemical composition 

inside the transfer films atop disk surfaces. After wide scanning of the uppermost surface 

of the sliding tracks, depth profiles of the chemical compositions at 8 and 46 nm beneath 

the worn surfaces were produced by argon ion beam etching. The accelerating voltage 

and current of the argon ion beam were 3 keV and 25.0 ma, respectively. The X-ray spot 

size is 2.5 × 2.5 𝑚𝑚2 and has a depth penetration of 1.1 mm. 

 

3.2.3.5 Scanning electron microscope (SEM) and energy dispersive X-

ray (EDX)  

Energy-dispersive X-ray spectroscopy (EDX) is a technique used for chemical 

characterization. After the ejection of the electron in the inner shell of the atom by the 

electron beam excitation, an electron from the outer, higher energy shell falls to the inner 

position and the energy difference between the initial and final state of atom may be 

released in the form of X-ray. The number and energy of these X-rays are used to identify 

the atomic structure of the specimens. 

A Scanning electron microscope combined with energy dispersive X-ray spectroscopy 

(SEM-EDX) (JSM-IT700HR, JEOL) was used to conduct the elemental mapping of the 

transfer films form atop disk surfaces. The EDX mode of the SEM was used with a typical 

accelerating voltage of 15 kV in high vacuum environment. Several areas corresponding 

to images with a magnification from 150 to 7000 were selected and have the depth 
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penetration of 1 𝜇𝑚.   
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4. Tribological properties of CF-filled PTFE in 

hydrogen 

 

4.1. Introduction 

For the realization of hydrogen society, more information about the effects of hydrogen 

on the mechanical and tribological properties machine elements used in hydrogen gas 

infrastructure are needed.  

Although the PTFE transfer film can be facilely removed from the counterface, which 

yields a high wear rate of PTFE, the incorporation of fillers such as bronze, graphite, 

carbon fiber, and polyether ether ketone (PEEK) can improve the wear rates of PTFE 

composites by one to three orders of magnitude while maintaining a low coefficient of 

friction [4,5]. Therefore, PTFE composites have been commonly used as sealing ring 

materials in oil-free reciprocating gas compressors. 

As mentioned in Chapter 2, the tribological behaviors of PTFE composites have been 

investigated under high temperature or high gaseous pressure conditions in hydrogen gas 

environment. However, information regarding the mechanism correlated with the 

tribological properties of PTFE composites in hydrogen environment at STP, especially 

the role of tribofilm formation, is still insufficient.  

In this Chapter, the friction, wear and tribofilm formation of CF-filled PTFE which were 

used as sealing elements in hydrogen gas compressor were studied in hydrogen and 

nitrogen gas environments. An air exposure process was used to clarify the chemical 

stability of tribofilms formed in different gaseous atmosphere.   

The overall aim of this chapter is to understand the effects of hydrogen on the formation 

of tribofilm of CF-filled PTFE at room temperature and standard atmosphere. The effect 

of air exposure on tribological properties of CF-filled PTFE was investigated. The 

chemical composition of tribofilm and transfer film formed atop the worn surfaces of 

sliding couple were analyzed.  
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4.2 Results and discussion  

4.2.1 Effect of hydrogen on the friction and wear of CF-filled 

PTFE  

 

 

 

 

 

The variations in the friction coefficient with the sliding distance of 40000 m in hydrogen 

and nitrogen are shown in Fig. 4. 1 (a). The running-in stage in hydrogen ended after a 

sliding distance of approximately 1500 m from the start of the friction test. Then, it 

exhibited stable low-friction behavior with a friction coefficient of approximately 0.03 

till the sliding distance of 40000 m. On the other hand, it took about 10000 m of sliding 
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Fig. 4. 1. Variations of friction coefficient with sliding distance in different 

gaseous atmosphere (a) with total sliding distance of 40000 m 

Fig. 4. 1. Variations of friction coefficient with sliding distance in different 

gaseous atmosphere (b) with total sliding distance of 50000 m, arrow in 

the graph means the air expose process 
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distance in nitrogen for the running-in stage to come to an end. After that, the friction 

coefficient gradually increased as the sliding distance increased from 0.04 to 0.08. 

 The specific wear rate of the composites with the sliding distance of 40000 m in hydrogen 

and nitrogen are compared in Fig. 4. 2 (a). In all the sliding atmospheres, the magnitude 

of the specific wear rate was in the order of 10-7 mm3/Nm. According to the acquired 

results, the wear rate of PTFE composite in nitrogen is more than twice of that in hydrogen.     
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Fig. 4. 2. Plots of specific wear rates with sliding in different gaseous 

atmosphere (a) with total sliding distance of 40000 m  
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atmosphere (b) with total sliding distance of 50000 m 
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4.2.2 Effect of air exposure on the friction and wear of CF-filled 

PTFE 

The variations in the friction coefficient with the total sliding distance of 50000 m in 

hydrogen and nitrogen are shown in Fig. 4. 1 (b). The friction coefficient obtained in 

every gaseous atmosphere corresponded well with each other, thus the experimental data 

were considered highly reliable. During the first 10000 m of running-in stage, both the 

friction coefficient in hydrogen and nitrogen corresponded with that shown in Fig. 4. 1 

(left). After the air exposure process, the friction coefficient in hydrogen increased from 

less than 0.05 to 0.1 with the increase of sliding distance from 10000 m to 20000 m. It 

decreased to 0.05 as the sliding distance increased from 20000 m to 50000 m. Regarding 

the friction coefficient in nitrogen, a similar tendency to that of the total sliding distance 

of 40000 m was observed after the air exposure process. It increased from 0.01 to 0.07.   

The specific wear rate of the composites with the total sliding distance of 50000 m are 

compared in Fig. 4. 2 (b). Similar reliability could be obtained from the small variation 

in the wear data in each gaseous atmosphere. Comparing to the wear rate in hydrogen, 

those in nitrogen were 5 times higher during the running-in stage whilst third less during 

the steady stage after air exposure process. Moreover, the average wear rates in both 

gaseous environment of the total sliding distance of 50000 m matched with those of the 

total sliding distance of 40000 m.   

 

4.2.3 Characterization of the tribofilm and transfer film 

formed on the worn surfaces of sliding couple 

4.2.3.1 Morphology of worn surfaces 

Representative worn surface images of the PTFE composites are shown in Fig. 4. 3. The 

surfaces of the polymer composites specimens of both sliding distances in hydrogen were 

covered by a white tribofilm. In contrast, surfaces of both sliding distances in nitrogen 

exhibited discontinuous white tribofilm, more obvious filler tips and exposed resin parts. 
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More details regarding the height comparison between the CF filler and PTFE resin are 

shown in the corresponding 3D images (Fig. 4. 3). The colors in the 3D images illustrate 

the height of each component. The height differences between the CF fillers and the 

tribofilms as well as the area surface roughness of the PTFE composites specimens in 

nitrogen were obviously higher than those in hydrogen.  

 Similarly, Fig. 5 shows the optical and 3D images of the sliding tracks formed on the 

surfaces of the stainless steel specimens. For disk specimens of both sliding distances in 

hydrogen environment, characteristic brown (Fig. 4. 3 (c), marker (1)) and bluish (Fig. 4. 

3 (c), marker (2)) patches were distributed along the sliding direction on the disk surface 

as transfer films. Regarding the surfaces of both sliding distances in nitrogen, similar 

brown and bluish patches were observed. Moreover, black patches of accumulated wear 

debris dispersed over the whole sliding tracks discontinuously, resulted in the higher area 

surface roughness of disk specimens in nitrogen environments than those in hydrogen 

environments.  
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4.2.3.2 Microstructure and surface chemistry analysis 

The white tribofilm observed atop the PTFE composites specimens of all sliding tests in 

both gaseous environments were analyzed using Raman spectroscopy. a G band (near 

1580 cm-1) corresponding to the graphite structure (sp2 bond) and a D band (near 1350 

cm-1) corresponding to the disordered graphitic structure were observed (Fig. 4. 4 (a)). 

The characteristics of these spectra are similar to those of the carbon fiber, which is the 

filler of the polymer composite. Moreover, spectra acquired from the resin parts of pin 

surfaces in nitrogen environments (Fig. 4. 3. (b), marker (2)) show the typical spectra of 

pure PTFE at 1382, 1303, 1222, 735, 387, and 292 cm-1 (Fig. 4. 4 (b)). Similarly, typical 

G and D bands are observed in all brown, bluish and black patches of the transfer film 

formed on the disk surfaces, indicating the presence of carbon. However, the carbon 

Fig. 4. 3. Optical and 3D images of worn surfaces of sliding couple in 

different gaseous atmosphere with total sliding distance of 40000 m: (a) 

pin specimen in hydrogen; (b) pin specimen in nitrogen; (c) disk specimen 

in hydrogen; (d) disk specimen in nitrogen 



43 

 

intensity obtained from the black patches were lower than those from brown and bluish 

patches. Since black patches were higher than others, the black patches were considered 

consist of both carbon and PTFE debris. These Raman spectra revealed the formation of 

a carbon-based film on both worn surfaces of the sliding couple. Furthermore, the ratios 

of intensities of D peaks to that of G peaks were calculated from the formed carbon films 

atop the worn surfaces of sliding couple for over 70 points, the results of which was shown 

in Fig. 4. 5. Not obvious differences could be found in the carbon structure of tribofilms 

atop pin specimen surfaces. however, the ratios from transfer films in nitrogen is evidently 

lower than that in hydrogen, which means that transfer films formed atop disk surfaces in 

nitrogen possesses higher ordered graphitic structure than that in hydrogen.  
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All the XPS spectra were obtained three days after the sliding tests from the transfer 

films formed on the disk surfaces. All specimens were stored in desiccator after sliding 

tests. Specimens with the total sliding distance of 50000 m in both hydrogen and nitrogen 

were analyzed according to the friction and wear results. Spectra in the fluorine (F 1s), 

carbon (C 1s), oxygen (O 1s), iron (Fe 2p3/2), and chromium (Cr 2p3/2) regions were 

obtained from the brown and black patches. The average atomic ratios of these five 

elements were calculated, and the relationships at a depth of 0 to 46 nm with gaseous 

atmospheres are shown in Fig. 4. 6. The atomic ratios of iron, chromium and carbon are 

almost the same from the transfer films in hydrogen and in nitrogen. In addition, the 

atomic ratio of carbon decreased with the increase of depth of the transfer films whilst 

those of iron and chromium increased. However, the atomic ratios of fluorine and oxygen 

differed in hydrogen and in nitrogen. The ratios of fluorine are higher in nitrogen while 

that of oxygen are higher in hydrogen. Both atomic ratios of fluorine and oxygen 
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pin disk

I D
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H2 N2

Fig. 4. 4. Representative Raman spectra obtained from worn surfaces of 

PTFE composites specimens (1) typical D and G bands obtained from 

tribofilm formed in hydrogen, (2) exposed resin surface in nitrogen 

Fig. 4. 5. Ratios of peak Intensity of D bond to peak Intensity of G bond 

obtained from both worn surfaces in different gaseous atmosphere (n = 

70) 
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increased in the deeper sides of the transfer films.  

Spectra of transfer films in hydrogen and nitrogen at different depths are shown in Fig, 

4. 6. For Fe 2p3/2, peaks at 706.8±0.2 eV, 711.3±0.1 eV, 714.2±0.8 eV, 710.9±0.1 eV, and 

714.9 eV were identified as pure iron, iron (II) fluoride, iron (III) fluoride, iron (III) oxide 

and ferrous carbonate [30–33]. Both transfer films in hydrogen and in nitrogen consisted 

of iron oxides and iron fluorides. However, spectrum of pure iron was only observed from 

the transfer film in nitrogen. Similarly, pure chromium was identified from transfer films 

in nitrogen. Although in little amount, such pure chromium was also found in transfer 

films under hydrogen environments. Regarding the F 1s, peaks at 684–685.5 and 685.7 

eV were subscribed to iron fluorides [26,28–30]. Obvious increase in the intensity of 

metal fluorides in the deeper sides of transfer films in nitrogen revealed larger amount of 

that in the subsurface layers of transfer films in nitrogen, which matched with the atomic 

ratios shown in Fig. 4. 6. Spectra of metal fluorides in F 1s with stronger intensity were 

also found in the surface of transfer films in nitrogen. With respect to the O 1s, peaks at 

529.7±0.3 eV, 531.3–532 eV, and 533 eV corresponded to Iron (III) oxide (metal oxides), 

C=O bonds from metal carbonates and organic compounds or O–H bonds from hydroxyl 

groups, organic C–O bonds [28,30]. Although both transfer films in hydrogen and 

nitrogen contained metal oxides and organic compounds or hydroxyl groups, higher ratio 

of metal oxides was identified from the surface of transfer films in hydrogen. Moreover, 

for C 1s spectra, peaks at 284.3±0.1 eV, 285.2±0.1 eV and 286.4±0.4 eV were related to 

the sp2 and sp3 hybrids forms of carbon, and C–O bonds [26–29]. Since the C-F bonds 

are not observed in C 1s spectra (290~293 eV, [26]), PTFE was considered do not exist 

in the transfer film. Moreover, as revealed by Takahagi et al. [154], peaks near 285 eV in 

C1s comes from the -C- species after removal of all fluorine atoms. Clearly, decrease in 

the amount of carbon in the subsurface layers of transfer films in hydrogen could be seen 

from the results above. 

 



46 

 

 

 

 

 

 

0

50

100

150

700710720730

In
te

n
si

ty

Be, eV

Fe 2p3/2

0

100

200

300

700710720730

In
te

n
si

ty

Be, eV

Fe 2p3/2

0

50

100

150

676686696

In
te

n
si

ty

Be, eV

F 1s

0

100

200

300

400

676686696

In
te

n
si

ty

Be, eV

F 1s

Fig. 4. 6. Correlation between atomic ratios of transfer films formed atop 

disk surfaces and gaseous atmosphere 



47 

 

 

 

 

 

 

4.2.4 Tribofilm formation and their role on friction and wear 

mechanisms 

All the results of the present experiments indicate that the gaseous atmosphere and air 

contaminants play important roles in the formation of carbon-based films, friction, and 

wear. Varieties in the chemical compositions of transfer films as well as that in the amount 

of formed carbon films were thought to result in the different friction and wear behaviors 

of the CF-filled PTFE under hydrogen and nitrogen environments.  

 For sliding tests under hydrogen environments, carbon-based tribofilm and transfer film 
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formed atop both PTFE composites and stainless steel worn surfaces. It is considered that 

the removal and transfer of PTFE and CFs debris within the interfaces give birth to this 

formation. In addition, as suggested by Erdemir [124], the strong carbon-carbon 

interactions within the carbon-based film can be eliminated by hydrogen termination. 

Sliding between these carbon-based films resulted in the low friction and most stable wear 

behavior after running-in stage in the total 40000 m sliding and the sliding before air 

contaminant under hydrogen environments.  

Although in little amount, the presence of pure metals at the depth of 46 nm of the 

transfer film (Fig. 4. 7.) is thought partly due to the removal of passive layers which 

consisted of metal oxides or metal hydroxides [36] on the surfaces of disk specimens and 

has been demonstrated to decrease significantly in such environments [37], and partly due 

to the reduction reaction between metal oxides and hydrogen. These pure transition metals 

are considered to catalyze the formation of the carbon-based transfer film, as reported in 

previous studies [39,40], in which the iron particles function as a carbon nanotube reactor. 

Moreover, metal fluorides and part of the C-C bonds found in the transfer films are also 

regarded as the reaction products from the tribochemcial reaction between PTFE and 

metal oxides which has been demonstrated by Onodera et al. [34,35].  

After the air exposure process, contaminant such as water and oxygen are absorbed in 

the surfaces of both pin and disk specimens. Oxidations of pure metals and tribochemical 

reaction between carbon, water and oxygen are suggested occurring in the interface at the 

beginning of sliding, resulting in the higher atomic ratios of oxygen and intensity of metal 

oxides that are observed from transfer films in hydrogen. Moreover, the adsorption of 

water vapor, as investigated by Andersson et al. [42], is suggested to attenuate the strong 

covalent bond interactions between carbon atoms on DLC films, thus promoting the 

detachment of formed carbon-base films. Consequently, both wear rate and the friction 

coefficient increased after the air exposure process. Moreover, from the mere differences 

between wear rates before and after the air exposure process, the formed carbon films are 

thought detachable and transfer wear processes became the dominant wear mechanism as 

the depleted films is repeated replenished [57]. This wear mechanism resulted in the 

decrease of friction coefficient with the increase of sliding distance. 

With respect to the sliding tests in nitrogen, severe wear (Fig. 4. 2. (right)) occurred 
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during the running-in stage of sliding, the wear and transfer of PTFE and CF debris give 

rise to the formation of thick and rough carbon-based films with highly ordered graphitic 

structure (Fig. 4. 5.) atop both worn surfaces of sliding couple. Sliding between these 

carbon films resulted in the characteristic drop in friction, the lowest friction coefficient 

and the lowest wear during steady stage.  

Furthermore, the presence of pure iron on the deep side of the transfer film (Fig. 4.7. 

right) was thought due to the removal of the metal oxide film on the disk surfaces during 

the running-in stage. As stated above, these pure transition metals are considered to 

catalyze the formation of the thick carbon-based transfer film with highly ordered 

graphitic structure. Similarly, tribochemical reaction between PTFE and metal oxides is 

considered occurring at the interfaces during running-in stage as well. These 

tribochemically generated metal fluorides, in a large amount (Fig. 4. 7. right), are thought 

to hold stronger van der Waals forces with the delocalized electrons of graphitic debris 

because of the strong electronegativity of fluorine atoms. This is considered to give rise 

to the formation of a carbon-based transfer film with a higher-order graphitic structure. 

However, these thick carbon films are considered to be mechanically unstable [57, 120] 

and removed as sliding continued, resulted in the increase of friction after running-in 

stage.  

Differed with the tribological performance after the air exposure process in hydrogen, 

small variations can be found from the friction and wear of CF-filled PTFE in the sliding 

tests with or without air contaminants. It is suggested that the large amount of metal 

fluorides functioned as the protect layers of both pure metals and part of carbon films.  

Therefore, the direct effects of hydrogen in this sliding process are summarized as 

follows: (1) The strong carbon-carbon interactions within the carbon-based film can be 

eliminated by hydrogen termination. (2) Reduction reaction between metal oxides and 

hydrogen. 

 

4.3 Conclusion 

Tribological characteristics of CF-filled PTFE were sensitive to the gaseous atmosphere, 

the lowest friction and wear coupled with the most stable behavior were observed in 

hydrogen.  
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Transfer films formed on stainless steel surfaces varied in chemical composition as 

gaseous atmosphere changes, resulting in different friction and wear behaviors. This 

changes of tribological behaviors are summarized as follows:  

1. In hydrogen, the surfaces of wear couple were covered by carbon-based tribofilms. 

Sliding contact between those films led to the lowest average friction coefficient and wear 

rate. Transfer wear processes is the dominant wear mechanism. 

2. Carbon-based tribofilm formed in hydrogen gas were sensitive to contaminants such 

as water and oxygen, the air expose process giving way to the discontinuous and thinner 

carbon films and resulted in an increased friction and wear. 

3. In nitrogen, direct contact between PTFE and steel led to the high friction and severe 

wear during the running-in stage. Thick carbon-based films with highly ordered graphitic 

structure formed during this period led to the drop in friction and lowest wear after 

running-in stage. Tribochemically generated metal fluorides layers made the tribofilms in 

nitrogen insensitive to air contaminants. Friction increased with the remove of carbon-

based tribofilms.  
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5. The effect of trace moisture on the tribological 

behavior of CF-filled PTFE in hydrogen  

 

The content of this section has in part been published in: 

[120] Q. Chen, T. Morita, Y. Sawae, K. Fukuda, J. Sugimura, Effects of trace moisture 

content on tribofilm formation, friction and wear of CF-filled PTFE in hydrogen. 

Tribology International 188 (2023) 108905. 

 

5.1 Introduction  

As the latest FCV contains hydrogen gas at 70 MPa, the refueling station demands a 

hydrogen gas compressor operating at ~82 MPa to fill the high-pressure storage tanks. 

Such adiabatic compressing process of hydrogen gas abruptly increases the 

environmental temperature to 200 °C. The electrode catalysts used in fuel cells are 

sensitive to contaminants such as water and oxygen; thus, the water content of the 

hydrogen gas used in FCVs is regulated to less than 5 ppm according to the ISO standard. 

Therefore, sealing elements in FC systems are expected to exhibit suitable tribological 

behaviors in high-pressure, high-temperature, and trace-moisture environments. 

The majority of the hydrogen gas is produced via the centralized reformation of natural 

gas as well as the deployment of clean alternatives such as electrolysis in hydrogen 

generation [1]. Furthermore, alternative emerging approaches include thermochemical 

water splitting, photoelectrochemical cells, and biological pathways. Thus, the moisture 

content of the hydrogen used in reciprocating gas compressors varies. 

As discussed in Chapter 4, the chemical composition of tribofilms formed on worn 

surface of sliding couple differed in hydrogen and nitrogen, the carbon film formed in 

hydrogen were sensitive to water in the air. However, the effect of trace moisture content 

on the tribological behaviors of CF-filled PTFE in hydrogen gas has never been discussed. 

The overall aim of this chapter is to explore the effects of trace moisture on the 

tribological characteristics of CF-filled PTFE in a high-purity hydrogen environment. In 

addition, experimental data are provided to establish the material selection criteria for the 
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sealing elements of gas compressors in hydrogen fueling stations.  

In this chapter, a series of pin-on-disk sliding tests were conducted to clarify the 

relationship between the trace moisture content and the friction and wear of PTFE 

composites in hydrogen. After the sliding tests, both surfaces of the wear couple were 

analyzed to understand the physical and chemical phenomena occurring at the sliding 

interface. 

 

5.2 Results and discussion  

5.2.1 Effect of moisture content on friction and wear of CF-

filled PTFE 

The variations in the friction coefficient and moisture content with the sliding distance 

are shown in Fig. 5. 1. The moisture content in the sliding tests was well-maintained at 

each content level, and the friction coefficients obtained at every moisture content level 

corresponded well with each other. Hence, the experimental data were considered highly 

reliable. In addition, the friction coefficient remained approximately constant with 

increasing distance over a wide range of distances for moisture contents less than 1 ppm 

and approximately 40 ppm. However, the friction coefficients around 10 and 20 ppm were 

easily influenced by changes in moisture content.  
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Plots of the specific wear rates and average friction coefficients against the moisture 

content are shown in Fig. 5. 2. (a) and (b), respectively. The average value of the friction 

coefficient during the last 100 m of the sliding test was used. According to the obtained 

results, the specific wear rates of the PTFE composite specimens tended to increase as 

the moisture content increased from 1 to 20 ppm and remained approximately constant 

after 20 ppm. In all the sliding tests, the magnitude of the specific wear rate was in the 

order of 10-7 mm3/Nm. Regarding the average coefficient of friction, a similar tendency 

to that of the specific wear rate was observed when the moisture content was between 1 

and 20 ppm, and the average friction coefficient increased from 0.05 to 0.38. However, 

Fig. 5. 1. Variations of friction coefficient and moisture content with 

sliding distance 
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when the moisture content exceeded 20 ppm, the average friction coefficient decreased 

from 0.38 to 0.17. 

 

 

 

 

5.2.2 Characterization of the tribofilm and transfer film 

formed on the worn surfaces of sliding couple 

5.2.2.1 Morphology of worn surfaces 

 

Fig. 5. 2. Plots of specific wear rates and average friction coefficient against 

moisture content 
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Fig. 5. 3. Optical and 3D images of worn surfaces of PTFE composite specimens with 

moisture content: (a) 0.89 ppm; (b) 8.26 pp; (c) 18.7 ppm; (d) 33.8 ppm 
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Fig. 5. 4. Optical and 3D images of worn surfaced of stainless-steel specimens with 

moisture content: (a) 0.89 ppm; (b) 8.26 pp; (c) 18.7 ppm; (d) 33.8 ppm 
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Representative images of the worn surfaces of the PTFE composites are shown in Fig. 

4. The surfaces of the polymer composite specimens with moisture contents of less than 

1 ppm (Fig. 5. 3. (a)) were covered by a white tribofilm, and a similar white tribofilm was 

observed atop the specimen surfaces at a moisture content of approximately 40 ppm (Fig. 

5. 3. (d)). In contrast, surfaces with moisture contents of approximately 10 and 20 ppm 

(Fig. 5. 3. (b–c)) exhibited discontinuous white tribofilms, more obvious filler tips, and 

exposed resin parts. 

More details regarding the height comparison between the CF filler and PTFE resin are 

shown in the corresponding 3D images (Fig. 5. 3.). The colors in the 3D images illustrate 

the height of each component. The height differences between the CF fillers and the 

tribofilms developed as the moisture content increased from 1 to 20 ppm. In particular, 

the CFs at a moisture content of approximately 20 ppm were obviously higher than those 

at other parts of the surface. However, the fillers were at almost the same height or buried 

in the tribofilms in environments where the moisture content was less than 1 ppm or 

approximately 40 ppm. 

 

 

 

 

Similarly, Fig. 5 shows the optical and 3D images of the sliding tracks formed on the 

Fig. 5. 5. Plots of area roughness of PTFE composite and stainless-steel worn 

surfaces against moisture content (n = 40) 
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surfaces of the stainless steel specimens. Characteristic brown (Fig. 5. 4. (a), marker (1)) 

and bluish (Fig. 5. 4. (c), marker (2)) patches were distributed discontinuously on the disk 

surface as transfer films. These bluish patches expanded most of the counterface atop the 

disk specimens as the moisture content increased from 1 to 20 ppm, while the 

accumulated brown patches gradually disappeared. When the moisture content exceeds 

20 ppm, the surface is covered with a thin brown transfer film. 

 

5.2.2.2 Microstructure and surface chemistry analysis 

When the white tribofilms on the pin specimens (e.g., Fig. 5. 4., marker (1)) were 

analyzed using Raman spectroscopy, spectra similar to that of carbon fiber filler were 

observed (Fig. 5. 6. (1)). Additionally, the spectra of the pin surfaces with a moisture 

content of approximately 20 ppm (Fig. 5. 4., marker (2)) show the typical spectra of pure 

PTFE (Fig. 5. 6. (2)). Spectra obtained from both surfaces of sliding couple indicated the 

presence of carbon and the formation of a carbon-based film. 

The carbon area intensity (900-1900 cm-1) was calculated from the Raman spectra 

obtained from both tribofilms and transfer films formed on the worn surfaces, and the 

results are depicted in Fig. 5. 7. The area intensities of the transfer films decreased with 

increasing moisture content, indicating that the formation of carbon-based transfer films 

decreased or was prevented. Compared with the area intensity of the transfer film, that of 

the tribofilm on the PTFE composite surface remained almost constant. These values 

indicate that the tribofilms formed at all moisture content levels had similar carbon 

amounts.  
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Fig. 5. 6. Representative Raman spectra obtained from worn surfaces of PTFE 

composites specimens (1) multiple peak-fit for D and G bands in the spectra 

obtained from tribofilm formed in 0.89 ppm, (2) exposed resin surface in 18.7 ppm 
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Fig. 5. 7. Variation of carbon area intensity calculated from Raman spectra obtained 

from both tribofilm and transfer film formed atop worn surfaces with moisture 

content (n = 200) 
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Moreover, the peak resolutions were obtained for the G and D bands of the transfer films 

(Fig. 5. 6 (1)). The intensities of the D1, D2, D3 and G peaks were calculated [16,17] to 

analyze the structures of the formed carbon-based films. The ratio of the peak intensity 

of D1 to that of G was calculated to evaluate the relationship between the amount of 

disordered graphitic lattice and ideal graphitic lattice (Fig. 5. 8. (a)). This ratio from 

transfer films decreases as the moisture content increases, indicating the formation of a 

more graphitic structure in the transfer film. In contrast, the ratio of the tribofilms 

remained almost constant; only a slight increase was observed at approximately 20 ppm, 

which suggests an increase in defects in the graphitic structure of the tribofilms. 

Additionally, the ratios of the peak intensities of D3 and G were used to evaluate the 

fraction of amorphous carbon in the ideal graphitic lattice (Fig. 5. 8. (b)). Above 20 ppm, 

the ratio of the tribofilms increased with increasing moisture content, revealing an 

increase in the amorphous carbon in the tribofilms. Moreover, this increase indicates the 

weakening of the formed carbon-based tribofilm because the peak intensity of the D band 

relative to that of the G band showed a negative correlation with the hardness of the 

carbon-based film and the mechanical strength of the CFs [18,19]. In addition, the ratio 

of the transfer films exhibited a similar trend to that of the tribofilm in Fig. 5. 8. (a), with 

only a slight increase observed at approximately 20 ppm. This result indicated an increase 

of amorphous carbon in the transfer films approximately 20 ppm.  

Fig. 5. 8. Plots of ratio of peak Intensity of D1 and D3 to peak Intensity of G peak 

obtained from both worn surfaces against moisture content. (a) Ratio of peak 

Intensity of D1 to that of G peak; (b) ratio of peak intensity of D3 to that of G 

peak (n = 200) 
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 To further clarify the changes in the structure of the carbon-based films and the chemical 

reactions on the PTFE composite surface that may occur with an increase in moisture 

content, IR spectra were acquired from the tribofilms formed on the polymer surfaces. As 

shown in Fig. 5. 9, weak absorption bands were observed in the 1542 cm-1 region, which 

can be identified as C = C bonds (sp2) usually found in aromatic rings in graphene 

materials and carbon skeletons in CNT and DLC samples, respectively [20–22]. 

Moreover, the bands at 2340 cm-1, 2922 cm-1 and 3600–3900 cm-1 region (Fig. 5. 9, 

marker (1)) were ascribed to CO2, C-H, and -OH stretching vibrations, respectively. In 

addition, the CF2 and CC bonds of PTFE and CF showed strong absorption bands in the 

1206 cm-1 region [23]. An intense absorption band was observed in the 1150 cm-1 region, 

corresponding to the CF2 bond of PTFE and the C–O bond of the carboxyl group [24,25]. 

The intensity of the C = C bonds decreases as the moisture content increases from 1 to 20 

ppm. This was observed when the moisture content exceeded 20 ppm. 

 XPS spectra were obtained within one week of the sliding tests from the transfer films 

formed on the disk surfaces. All specimens were stored in desiccator after the sliding tests. 

Specimens with moisture contents of less than 1, 20, and 40 ppm were analyzed. First, a 

comparison has been made between XPS signals acquired from a wide scan of the bluish 

and brown patches were compared. As a result, the bluish patches revealed stronger 

Fig. 5. 9. IR spectra obtained from tribofilms formed atop PTFE composites 

surfaces 
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intensities of Fe 2p3/2 and F 1s together with a much weaker intensity of C 1s than those 

from brown patches, at 707, 685, and 284.5 eV, respectively [26]. The bluish patches 

consisted of more PTFE, iron fluorides, and less carbon than the black patches. 

 

 

 

 

Fig. 5. 10. XPS spectra obtained from transfer film formed atop stainless steel surfaces ((a) 

bluish patch, (b) brown patch) 
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Spectra in the fluorine (F 1s), carbon (C 1s), oxygen (O 1s), iron (Fe 2p3/2), and 

chromium (Cr 2p3/2) regions were obtained from the brown patches. The atomic ratios of 

these five elements were calculated, and the relationships at a depth of 0–46 nm with the 

moisture content are shown in Fig. 5. 11. On the surface of the transfer film, the atomic 

ratio of carbon decreased with increasing moisture content, whereas the atomic ratio of 

fluorine increased with increasing moisture content. The atomic ratio of oxygen increased 

with an increase in the moisture content up to 20 ppm and decreased when the moisture 

content exceeded 20 ppm. At depths of 8 and 46 nm of transfer film, the atomic ratios of 

iron and carbon decreased as the moisture content increased to 20 ppm. After exceeding 

20 ppm, the atomic ratio of fluorine and carbon increased.  

Furthermore, peak resolutions were performed on the spectra obtained from the disk 

surfaces based on the typical spectra shown in Fig. 5. 12. With respect to the C 1s spectra, 

peaks at 284.3±0.1 eV, 285.2±0.1 eV, 286.4±0.4 eV, 288.6±0.6 eV, 287.3 eV and 292.5 

eV were related to the sp2 and sp3 hybrids forms of carbon, C–O bonds, C=O bonds from 

ester and C–F bonds from graphite fluorides and PTFE [26–29]. The C 1s peak appeared 

at 288 eV could be the one shifted 4.30 eV from the -C- species, indicating the chemical 

structure of CF2-C*F-CF2, which also comes from the PTFE after removal of some 

fluorine atoms [154]. For Fe 2p3/2, peaks at 706.8±0.2 eV, 711.3±0.1 eV, 714.2±0.8 eV, 

710.9±0.1 eV, and 714.9 eV were identified as pure iron, iron (II) fluoride, iron (III) 

fluoride, iron (III) oxide and ferrous carbonate [30–33]. For O 1s, peaks at 529.7±0.3 eV, 

Fig. 5. 11. Correlation between atomic ratios of transfer films formed atop disk surfaces 

and moisture content 
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531.3–532 eV, and 533 eV corresponded to Iron (III) oxide (metal oxides), C=O bonds 

from metal carbonates and organic compounds or O–H bonds from hydroxyl groups, 

organic C–O bonds [28,30]. For F 1s, peaks at 684–685.5, 685.7, and 689.2±0.4 eV were 

subscribed to iron fluorides, C–F bonds from graphite fluorides, and PTFE [26,28–30]. 
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Consequently, the typical compounds observed in every elemental region were selected, 

as illustrated in Fig. 5. 12. With respect to the compounds derived from stainless steel, 

pure iron was identified only at a depth of 46 nm under a moisture content of less than 1 

ppm and approximately 40 ppm in the transfer films. The atomic ratio of iron oxides 

increased as the moisture content increased from 1 to 20 ppm, indicating that iron reacted 

with water at these moisture content levels. Above 20 ppm, the proportion of iron oxides 

decreased, whereas that of iron fluorides increased. The chromium compounds showed 

similar tendencies to the iron compounds. The presence of pure iron with a moisture 

content of approximately 40 ppm was attributed to the shelter effect of the increased iron 

fluorides.  

For the compounds transferred from the PTFE composites, the atomic ratio of carbon 

decreased as the moisture content increased from 1 ppm to 20 ppm. After the moisture 

content exceeded 20 ppm, this ratio remained constant at the transfer film surface, 

whereas it increased at the deeper sides of the transfer films. This trend for carbon 

corresponds well with the Raman analysis results (Fig. 5. 7.). Moreover, Carboxyl groups 

were observed in the transfer film (Fig. 5. 13.); these groups are considered to be the 

reaction products of PTFE and water, with a maximum moisture content of approximately 

20 ppm. A similar tendency for PTFE was observed at the surface of the transfer film, the 

maximum value of which was found at a depth of 46 nm, with a moisture content of less 

than 1 ppm. This suggests a reaction between the PTFE and iron under these conditions 

[34,35].  

 

Fig. 5. 12. Representative multiple peak-fits for XPS spectra at 5 element regions from disk 

surfaces (0 nm, 0.89 ppm) 
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Furthermore, the ratio of the atomic amount of the C–C sp3 band to that of carbon was 

calculated, as illustrated in Fig. 5. 14. This ratio decreased with increasing moisture 

content at depths ranging from 0 to 8 nm, which corresponded with the Raman analyses 

(Fig. 5. 8. (a)). However, this ratio attained its maximum at a depth of 46 nm, with a 

moisture content of approximately 20 ppm. This value can be partly ascribed to the 

removal and transfer of the water-molecule-saturated CFs and carbon-based tribofilms. 

 

5.2.3 Tribofilm formation and their role on friction and wear 

mechanisms 

 

All the results of the present experiments indicate that the trace moisture content in a 

Fig. 5. 13. Correlation between chemical composition of transfer films and 

moisture content 

Fig. 5. 14. Plots of ratio of atomic amount of C–C sp3 band to that of carbon 

from transfer films against moisture content 
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high-purity hydrogen gas environment plays an important role in the formation of carbon-

based films, friction, and wear. Varieties in the formed carbon structure and the amount 

of such films were thought to give rise to the characteristic friction and wear behaviors of 

the PAN-based CF-filled PTFE composites under different moisture content 

environments.  

The surface conditions based on previously obtained results are shown in Fig. 5. 15. Prior 

to the sliding test (Fig. 5. 15 (a)), the surface of the stainless steel was covered with a 

protective film of metal oxides or metal hydroxides [36] and the CFs were buried in the 

PTFE resin. 
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5.2.3.1 Tribofilm formation and CF-filled PTFE tribology in moisture 

content less than 1 ppm  

After sliding in the moisture content less than 1 ppm (Fig. 5. 15. (b)), a carbon-based 

tribofilm formed atop the PTFE composites worn surface with the surface area roughness 

of 0.3 μm (Fig. 5. 5–6). The C–C bond (sp2) observed in Fig. 5. 11 is attributed to the 

debris of CFs, and the presence of carboxyl groups (Figs. 5. 9. and 13.) indicated a 

tribochemical reaction between PTFE and water, albeit in small amounts. Such reaction 

has always been seen in the sliding of PTFE composites in a humid environment [7–10]. 

Fig. 5. 15. Schematic of surface condition of both worn surfaces. (a) Before the 

sliding test; (b) moisture content < 1 ppm, (c) moisture content ~20 ppm, (d) 

moisture content ~40 ppm 
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Meanwhile, it is considered that removal and transfer of PTFE and CFs debris formed the 

thick transfer film on the sliding tracks of stainless-steel surface with a surface area 

roughness of 0.3 μm (Fig. 5. 5.-6.). The sliding between the carbon-based films resulted 

in the lowest friction and wear with stable sliding behavior at this moisture content.  

Moreover, the presence of pure iron on the deep side of the transfer film (Fig. 5. 13.) 

was partly due to the removal of the metal oxide film on the disk surface, which has been 

demonstrated to decrease significantly in such environments [37], and partly due to the 

reduction reaction of metal oxides. Furthermore, as demonstrated by Onodera et al. 

[34,35], a tribochemical reaction between the PTFE and metal oxides may occur at this 

interface. One of the reaction products was the C-C bond of the chain scission of the 

PTFE backbone. Kavan et al. reported carbynoid species as electrochemical products of 

PTFE and alkali metal amalgams [38]. Similar species are found in the carbon-based 

transfer film. In addition, the pure iron particles found on the deep side of the transfer 

film are considered to catalyze the formation of the graphitic structure of the carbon-based 

transfer film, as reported in previous studies [39,40], in which the iron particles function 

as a carbon nanotube reactor. 

 

5.2.3.2 Tribofilm formation and CF-filled PTFE tribology in moisture 

content of approximately 20 ppm 

For the surfaces of the sliding couple which slid in a moisture content of approximately 

20 ppm (Fig. 5. 15. (c)), the tribofilms on the surface of the PTFE composite specimens 

became discontinuous and rough, whereas the carbon fiber fillers protruded from the 

surfaces to support the load (Fig. 5. 2. and 5.). Meanwhile, thinner but smoother transfer 

films formed on top of the disk surfaces owing to the polishing effect of the protruded 

carbon fibers (Fig. 4 and 6). Direct contact between the PTFE resin and passivated layer 

of metal oxides resulted in high friction and wear.  

As illustrated in Fig. 5. 13, the PTFE and carboxyl groups were identified, and the iron 

fluorides gradually increased on the surface of the transfer film. Kurahashi et al. [41] 

demonstrated the retardation effects of carboxyl groups on the formation of carbon-based 

films; a similar mechanism is considered to cause a large decrease in the carbon-based 
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transfer film. The adsorption of water vapor, as investigated by Andersson et al. [42], is 

suggested to attenuate the strong covalent bond interactions between carbon atoms on 

DLC films, thus promoting the detachment of carbon during the sliding of the DLC film. 

Such effects of carboxyl groups and water were thought to not only accelerate the 

reduction in carbon-based film formation but also reduce the filler-resin bonding, as 

reported by Kalantar et al. of PTFE composites [43]. In addition, the amount of metal 

oxides increased, corresponding to the reaction between the metal and water on the deeper 

side of the transfer film (Fig. 5. 13).  

Similarly, the Raman and IR spectra revealed a decrease in graphite in the tribofilms of 

both carbon-based films (Fig. 5. 7. and 9.). Since the electronegativity of oxygen molecule 

is strong, the chemical generated iron oxides surface was thought to hold together with 

graphitic wear debris through the delocalized π electrons by van der Waals forces, thus 

exhibited a higher ordered graphitic structure in the formed carbon-based transfer films 

(Fig. 5. 14.). 

 

5.2.3.3 Tribofilm formation and CF-filled PTFE tribology in moisture 

content of approximately 40 ppm 

When the moisture content of the sliding environment was approximately 40 ppm, as 

depicted in Fig. 5. 15. (d), the PTFE composite surfaces were fully covered by a smooth 

carbon-based tribofilm (Fig. 5. 3., 5., and 7.), whereas the transfer film formed on the disk 

surfaces exhibited a higher-order graphitic structure (Fig. 5. 8.). Sliding between these 

carbon-based films resulted in a decrease in friction.  

Furthermore, hydrated fluoride products from the water-PTFE reaction were suggested 

to react with metal oxides and induce an increase in metal fluorides in the transfer film. 

The passivated layers of iron fluorides formed in the transfer film resulted in the presence 

of pure iron on the deeper side of the transfer film (Fig. 5. 13.). In addition, the IR spectra 

illustrate the presence of graphite in the tribofilm (Fig. 5. 9.). Moreover, iron fluorides are 

thought to hold stronger van der Waals forces with the delocalized electrons of graphitic 

debris because of the strong electronegativity of fluorine molecules. This is considered to 

give rise to the formation of a carbon-based transfer film with a higher-order graphitic 
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structure. 

However, according to previous studies [18,19] and the Raman peak resolution results 

(Fig. 5. 8.), the hardness and strength of the carbon-based transfer film increased with 

increasing moisture content, whereas those of the tribofilm formed on the PTFE 

composite surfaces decreased when the moisture content exceeded 20 ppm. Based on the 

principle of Khruschov [44], these changes in the hardness of thinner carbon-based films 

could contribute to a high wear rate at this moisture content level. Moreover, the reduction 

in the hardness of the tribofilms was attributed to the permeation of water molecules in 

both the PTFE composites and tribofilms; such plasticization of PTFE under water 

lubrication has also been observed in previous studies [45,46]. This plasticization 

promoted the wear of the PTFE composites and was thought to give rise to the exposure 

of fresh CFs and the newly formed tribofilm (Fig. 5. 3.). In addition, it was suggested that 

sliding between hard-carbon-based tribofilms contributed to a decrease in friction when 

the moisture content exceeded 20 ppm. 

 

5.2.3.4 Linking applied trace moisture contents with CF-filled PTFE 

friction and wear  

Therefore, the direct effects of moisture content in this sliding process are summarized as 

follows: (1) Increased moisture content changed the reactions between PTFE and metal 

to reactions between PTFE and water, metal and water. (2) Water molecules not only 

permeated both carbon-based tribofilms and PTFE composites also accelerated the 

detachment of carbon. 

 

5.3 Conclusion  

Tribological characteristics of CF-filled PTFE were sensitive to the trace moisture content 

in high-purity hydrogen gas environment, the lowest friction and wear coupled with the 

most stable behavior were observed at moisture content less than 1 ppm.  

Carbon films formed on sliding counterface varied in structure and amount as disk surface 

chemical composition changes, resulting in different friction and wear behaviors. This 

changes of tribological behaviors are summarized as follows:  
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1. when the moisture content of the sliding environment was less than 1 ppm, both 

surfaces of wear couple were covered by thick carbon-based tribofilms, sliding contact 

between those films led to the low and stable friction.  

2. As moisture content increased, tribofilms became discontinued and got thinner while 

carbon fiber fillers protruded from the surfaces to support load, direct contact between 

PTFE and steel increased friction and wear.  

3. After moisture content exceeded 20 ppm, worn surfaces were fully covered again by 

thinner but smoother carbon-based tribofilms with highly ordered graphitic structure, 

contact between these films resulted in the decrease of friction. 
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6. The tribological performance of CF-filled PTFE 

in hydrogen under high contact pressure  

 

6.1 Introduction  

PTFE, with many advantages over other traditional materials [100], has been proven of 

considerable benefit in the reciprocating compressor systems [4]. Maximum pressure 

differential across the piston for single-acting cylinder is one of the important pressure 

considerations in the case of piston ring seals. For non-lubricated service, conventional 

PTFE composites seals are available for pressures up to 10 MPa to 18 MPa [4]. On the 

contrary, the seal elements in oil-free reciprocating hydrogen gas compressors in the 

hydrogen refueling station are operated with contact pressure of 1 MPa [6]. For higher 

efficiency of the hydrogen gas compressor, tribological behavior of sealing materials 

under higher contact pressure should be evaluated. 

As stated in Chapter 2, various factors have been reported to influence the friction and 

wear of polymer composites, among which the contact pressure or load and the sliding 

speed are the most frequent ones since the PV factors related not only to the wear rate but 

also to the temperature rise at the sliding interfaces [125]. 

However, the friction and wear mechanism associated with contact pressure of CF-filled 

PTFE in hydrogen gas environment is not clear. 

The first aim of this chapter is to investigate the effects of contact pressure on the 

tribological characteristics of CF-filled PTFE in a high-purity hydrogen environment. 

Secondly, from the work of Chapter 4 and 5, trace moisture is supposed to affect the 

formation of carbon-based tribofilm under high contact pressure condition in hydrogen 

gas.  

In this chapter, a series of pin-on-disk sliding tests were conducted with average contact 

pressure of 7 MPa in hydrogen. Friction and wear behavior under different contact 

pressure and those under 7 MPa contact pressure with different initial moisture content 

were analyzed. After the sliding tests, both surfaces of the wear couple were analyzed to 

understand the physical and chemical phenomena occurring at the sliding interface.  
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6.2 Results and discussion  

6.2.1 Effect of contact pressure on tribology of CF-filled PTFE  

The variations in the friction coefficient and moisture content with the sliding distance 

are shown in Fig. 6. 1. (a). Comparing to the low friction coefficient gained under low 

contact pressure, those under high contact pressure represents unstable friction behaviors. 

The friction characteristics under high contact pressure seems sensitive to the moisture 

content less than 1 ppm. Moreover, sliding tests with similar initial moisture contact 

(about 0.23 ppm) under different contact pressure showed relatively low friction 

coefficient. 

 With respect to the specific wear rates calculated under different contact pressure 

conditions, similar tendency to that of friction are observed. Under the contact pressure 

of 7 MPa, sliding test with average moisture content of 0.22 ppm revealed fairly low wear 

rate at the magnitude of 10-8 whilst those with average moisture content of 1.1 ppm 

exhibited high wear rate about 5x10-7 mm3/Nm.  

 From these results, initial moisture content was thought to affect the friction and wear of 

CF-filled PTFE under different contact pressure. 
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6.2.2 Effect of initial moisture content on tribology of CF-filled 

PTFE under high contact pressure 

The variations in the friction coefficient and moisture content with the sliding distance 

are shown in Fig. 6. 1. (b). The friction coefficients obtained at every moisture content 

level corresponded well with each other, and the experimental data were considered 

highly reliable. In addition, from the variations in moisture content with sliding distance 

shown above, transition of initial moisture content at 0.25 ppm induced the friction 

coefficient in high pressure contact in hydrogen from low to high. Moreover, the friction 

coefficient remained approximately constant after the first sliding distance of 500 m, 

which may be the running-in stage of the CF-filled PTFE in high pressure contact in 

hydrogen.  

 Plots of the specific wear rates and average friction coefficient against the average 

moisture content are shown in Fig. 6. 2. (b). (left) and (right), respectively. The average 

value of friction coefficient was calculated during the last 100 m of the sliding test. 

According to the obtained results, the specific wear rates of the PTFE composites 

specimens increased as the average moisture content increase. Regarding the average 

friction coefficient, a similar transition at the average moisture content of approximately 

0.8 was observed. The average friction coefficient shifted from 0.005 to 0.15 after average 
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moisture content exceeded approximately 0.8 ppm. 

 

6.2.3. Characterization of the tribofilm and transfer film  

6.2.3.1. Morphology of worn surfaces 

Representative optical and corresponding 3D images of worn surfaces of the PTFE 

composites and stainless steel are shown in Fig. 6. 3. The colors in these images represent 

the height of each component. Surfaces of the polymer composites with initial moisture 

content less than 0.25 ppm (Fig. 6. 3. (a)) were covered by white tribofilm with an area 

surface roughness of 0.76 𝜇𝑚. In contrast, hardly white tribofilm can be seen atop the 

surfaces with initial moisture content over 0.25 ppm (Fig. 6. 3. (b)), whose area roughness 

is 2.84 𝜇𝑚, carbon fiber fillers protruded from the surfaces and dark PTFE resin exposed 

as well. 

For the sliding tracks formed on the surfaces of the stainless steel specimens, 

characteristic brown (Fig. 6. 3. (c), marker (1)), bluish (Fig. 6. 3. (c), marker (2)) and 

purple (Fig. 6. 3. (d), marker (3)) patches were distributed along the sliding direction on 

the disk surfaces as transfer films. The brown and bluish patches dispersed the whole 

surfaces of disk specimens while those purple ones only existed in the transfer films 

formed at initial moisture content higher than 0.25 ppm.  
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6.2.3.2. Microstructure and surface chemistry analysis 

 

Fig. 6. 3. Optical and 3D images of worn surfaces of sliding couple with 

different initial moisture content level in high pressure contact: (a) pin 

specimen at initial moisture content less than 0.25 ppm; (b) pin specimen 

at initial moisture content larger than 0.25 ppm; (c) disk specimen at 

initial moisture content less than 0.25 ppm; (d) disk specimen at initial 

moisture content larger than 0.25 ppm 
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A G band (near 1580 cm-1) corresponding to the graphite structure (sp2 bond) and a D 

band (near 1350 cm-1) corresponding to the disordered graphitic structure were observed 

in the Raman spectra acquired from white tribofilms on the pin specimens (Fig. 6. 4.). 

Although seen as dark PTFE resins in the optical images of pin specimens (Fig. 6. 3. (b)), 

the Raman spectra from these surfaces also exhibited carbon spectra. Similarly, typical G 

and D bands are observed in all brown, bluish and purple patches formed on the disk 

surfaces, indicating the presence of carbon. However, the carbon intensity obtained from 

the purple patches were significantly lower than those from brown and bluish patches. 

Since the purple patches were higher than others (Fig. 6. 3. (d)), the purple patches were 

considered contained carbon debris and other compounds. These Raman spectra revealed 

the formation of a carbon-based film on both worn surfaces of the sliding couple.  

 

 

 All the XPS spectra were obtained three days after the sliding tests from the transfer films 

formed on the disk specimen surfaces. All specimens were stored in desiccator after the 

sliding tests. Spectra in the fluorine (F 1s), carbon (C 1s), oxygen (O 1s), iron (Fe 2p3/2), 

and chromium (Cr 2p3/2) regions were obtained from the brown and purple patches. The 

average atomic ratios of these five elements were calculated, and the correlation to the 

moisture content at a depth of 0 to 46 nm are shown in Fig. 6. 5. Most of all, the atomic 

ratio of carbon from transfer film at initial moisture content less than 0.25 ppm is nearly 

Fig. 6. 4. Representative Raman spectra obtained from worn surfaces of 

PTFE composites specimens, multiple peak-fit for D and G bands in the 

spectra obtained from tribofilm formed in hydrogen 
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twice than that at initial moisture content level higher than 0.25 ppm. In addition, ratios 

of metals increased at the deeper sides of transfer films with both moisture content levels, 

and the ratios acquired from higher moisture content level is higher than that from the 

lower level one. Regarding the ratios of fluorides, similar tendency was observed to that 

of metals and the ratios in higher moisture content level are higher than that in the lower 

one.  

  Typical spectra obtained from the disk surfaces are shown in Fig. 6. 6. For Fe 2p3/2, peaks 

at 706.8±0.2 eV, 711.3±0.1 eV, 714.2±0.8 eV, 710.9±0.1 eV, and 714.9 eV were identified 

as pure iron, iron (II) fluoride, iron (III) fluoride, iron (III) oxide and ferrous carbonate 

[30–33]. The pure iron as well as the pure chromium were only observed at the depth of 

46 nm in the transfer film formed on the surface of disk specimens at moisture content 

level less than 0.25 ppm. Peak position at higher moisture content level shifted to the high 

bonding energy sides near 581 eV in Cr 2p3/2 indicated the increase in chromium (IV) 

oxides and hydroxides [135]. For F 1s, peaks at 684–685.5, 685.7, and 689.2±0.4 eV were 

subscribed to iron fluorides, C–F bonds from graphite fluorides, and PTFE [26,28–30]. 

Only on the surface of transfer films in high moisture content level was the PTFE debris 

existed. With respect to the C 1s spectra, peaks at 284.3±0.1 eV, 285.2±0.1 eV, 286.4±0.4 

eV, 288.6±0.6 eV, 287.3 eV and 292.5 eV were related to the sp2 and sp3 hybrids forms 

of carbon, C–O bonds, C=O bonds from ester and C–F bonds from graphite fluorides and 

PTFE [26–29]. The carbon spectra of C-F bonds matched with that from fluorine. 

Similarly, the presence of C-O bonds was also only observed on the surface of transfer 

film at high moisture content level. For O 1s, peaks at 529.7±0.3 eV, 531.3–532 eV, and 

533 eV corresponded to Iron (III) oxide (metal oxides), C=O bonds from metal carbonates 

and organic compounds or O–H bonds from hydroxyl groups, organic C–O bonds [28,30]. 

Spectra of organic C-O bonds corresponded well with that from carbon.  

 Moreover, SEM-EDX analyses were carried out to the discontinued parts of purple 

patches (Fig. 6. 7 (b)) with an initial moisture content higher than 0.25 ppm and that of 

carbon films formed in the environment where initial moisture content is less than 0.25 

ppm (Fig. 6. 7. (a)). As shown in Fig. 6. 7. (a), at the circle parts where the carbon films 

were discontinued and Raman spectra of metal oxides were identified, the existence of 

chromium was observed. This result corresponded to the XPS spectra shown in Fig. 6. 6. 
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And carbon did not adhere to the chromium surface. On the other hand, for carbon films 

that were not covered by purple patches in Fig. 6. 7. (b), chromium oxides were found.   
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Fig. 6. 5. Correlation between atomic ratios of transfer films formed atop 

disk surfaces and moisture content in high pressure contact 
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6.2.4 Tribofilm formation and their role on friction and wear 

mechanisms 

All the results of the present experiments indicate that the initial moisture content in 

hydrogen under high contact pressure is significant for the formation of carbon-based 

films, friction, and wear. Varieties in the chemical compositions of formed transfer films 

were thought to give rise to the characteristic friction and wear behaviors of the PAN-

based CF-filled PTFE composites. 

 

6.2.4.1. Tribofilm formation at moisture content less than 0.25 ppm 

When sliding at a moisture content level lower than 0.25 ppm, carbon-based tribofilm and 

transfer film formed atop the worn surfaces of sliding couple. It is considered that the 

fracture and transfer of PTFE and CFs debris within the interfaces in high pressure contact 

resulted in these carbon films. The strong carbon-carbon interactions within these films 

were thought eliminated by hydrogen termination, as suggested by Erdemir [124]. 

Transfer wear processes was suggested as the dominant wear mechanism and sliding 

between these carbon-based films resulted in the lowest friction and most stable wear 

behavior. 

  The presence of pure metals at the depth of 46 nm of the transfer film (Fig. 6. 6. left) is 

thought partly due to the removal of passive layers which consisted of metal oxides or 

metal hydroxides [36] on the surfaces of disk specimens and has been demonstrated to 

decrease significantly in such environments [37], and partly due to the reduction reaction 

between metal oxides and hydrogen. These pure transition metals are considered to 

catalyze the formation of the carbon-based transfer film, as reported in previous studies 

[39,40], in which the iron particles function as a carbon nanotube reactor. Moreover, metal 

Fig. 6. 7. SEM-EDX images of transfer films atop stainless steel specimens 

((a) discontinued parts of brown patches with initial moisture content 

less than 0.25 ppm, (b) discontinued parts of purple patches with initial 

moisture content over 0.25 ppm.) 
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fluorides and part of the C-C bonds found in the transfer films are also regarded as the 

reaction products from the tribochemcial reaction between PTFE and metal oxides which 

has been demonstrated by Onodera et al. [34,35]. 

  

6.2.4.2. Contact temperature during sliding  

Temperature was measured 5 mm away from the contact surface during the whole sliding 

test. The surface temperature is over 120 ℃ at high moisture content level whilst that is 

lower than 50 ℃ at the moisture content less than 0.25 ppm.  

 The frequency of a collision of gaseous molecules against solid surface is known to be 

given by Hertz-Knudsen equation as follow [15], 

𝐹 = 𝑝 ∙ (2𝜋 ∙ 𝑚 ∙ 𝑘 ∙ 𝑇)−0.5 

 𝐹, 𝑝, 𝑚, 𝑘, 𝑇 are the frequency of collision per second per square meter, gaseous 

pressure, weight of the molecule, Boltzmann’s constant and temperature, respectively. 

In this work, the molecule is water and the critical moisture content under 1 MPa is 1 

ppm and while that is about 0.25 ppm under 7 MPa. Partial pressures are calculated as 

0.1 Pa and 0.025 Pa. For sliding test under 1 MPa, T is about 333 K. For sliding test 

under 7 MPa, T is about 393 K. Since the effect of differences in temperature is too 

small comparing to that of gaseous pressure, the frequency of collision is mainly 

dependent on moisture content in this work. The frequency of collision per second per 

square meter is about 3-4 times higher at high moisture content than that at low 

moisture content. Sliding frequency on the disk in this work is 15.9 Hz. With the 

increase of contact pressure, the real contact area increased at the same time, which 

would result in the larger frequency of contact between atoms on the sliding surface and 

water molecules. The increase in contact pressure was thought counteract the decrease 

in frequency of collision induced by lower moisture content.  

 Moreover, Robertson demonstrated carbon ions with lower energy will stick to the 

surface and remain in the lowest energy state, which means lower energy density results 

in more sp2 structure and more sp3 if the density is high [156]. Part of kinetic energies 

that were induced by the collision and friction force may dissipate in the transfer film 

and tribofilm formation.     

6.2.4.3. Tribofilm formation at moisture content level higher than 0.25 
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ppm 

For the surfaces of sliding couple which slid in a moisture content over 0.24 ppm in high 

pressure contact, transfer film formed on the disk surfaces contains carbon layer less than 

2 nm and tribofilm on the pin surface could hardly be observed. Carbon fiber fillers that 

protruded from the surfaces to support load resulted in the rough surface of PTFE 

composites, whose area surface roughness is 2.84 𝜇𝑚. Moreover, the major part of the 

formed transfer film is metal fluorides and only on the surface of this film can PTFE 

debris and organic C-O groups be found. In addition, high friction heat was observed after 

the running-in stage of sliding, the rise in contact surface temperature in turn deteriorate 

the mechanical properties of PTFE composites. Direct contact between PTFE resin and 

metal fluorides films in company with plastic deformation and fracture of PTFE at high 

temperature resulted in the high friction and wear.  

 Since the running-in stage of the sliding test is approximately 500 m, metal fluorides 

layer was suggested formed immediately after the running-in stage. Real contact area as 

well as the contact asperities is indicated increased in high pressure contact, and the 

motions of water molecules absorbed in the sliding interfaces were accelerated. As 

demonstrated by Andersson et al. [42], water molecules can attenuate the strong covalent 

bond interactions between carbon atoms in carbon films, thus promoting the detachment 

of carbon film during the sliding. On the other hand, chromium (IV) oxides formed by 

oxidation reaction was thought giving rise to the formation of chromium carbide on the 

surfaces where metal fluorides were discontinued [136-137].   

Moreover, the friction heat generated from this period of sliding may in turn foster the 

tribochemical reaction between PTFE and metal oxides which has been stated above. 

Thanks to the strongest electronegativity of fluorine molecules in metal fluorides, the 

tribochemically generated metal fluorides is considered to hold together with the thin 

carbon film formed during running-in stage on the surface of disk specimen through the 

delocalized π electrons by van der Waals forces. The sliding between PTFE composites 

and metal fluorides in turn generated large amount of friction heat, give rise to the 

abruptly temperature rise after the running-in stage. At high temperature, the thermal 

stress originated from the different coefficient of thermal expansion of the matrix and 

fiber during the cooling down of the thermoplastic was relaxed. Therefore, failure of 
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PTFE composites changed from fiber kinking to microbuckling [70]. The cycle of friction 

heat, PTFE plastic deformation and fracture and transfer wear process is considered the 

main wear mechanism of CF-filled PTFE in high pressure contact at high moisture 

content level in hydrogen.    

 

6.3 Conclusion 

Tribological characteristics of CF-filled PTFE were sensitive to the initial moisture 

content in hydrogen under high contact pressure, ultralow friction and wear coupled with 

the most stable behavior were observed at initial moisture content less than 0.25 ppm.  

Transfer films formed on sliding counterface varied in chemical composition as the initial 

moisture content changes, resulting in different friction and wear behaviors. This changes 

of tribological behaviors are summarized as follows:  

1. Thicker carbon films formed under higher contact pressure resulted in ultralow friction 

and wear of CF-filled PTFE in hydrogen.  

2. when the initial moisture content of the sliding environment was less than 0.25 ppm, 

both surfaces of wear couple were covered by carbon-based tribofilms, sliding contact 

between those films led to the ultralow and stable friction.  

3. After initial moisture content exceeded 0.25 ppm, transfer films on the surface of disk 

specimen contained mostly of metal fluorides whilst carbon fiber fillers protruded from 

the PTFE composites surface to support load, contact between these films in company 

with high contact temperature resulted in the increase of friction and wear. 
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7. Conclusions  

 

The demand for high performance polymers such as PTFE and its composites that 

possesses excellent self-lubricating ability, good mechanical properties and chemically 

inert under extreme conditions like high contact pressure, trace moisture content are 

increasingly for tribological application in hydrogen.  

In the introduction of this thesis, difficulties related to the use of polymer as sealing 

materials in the oil-free hydrogen gas compressors in hydrogen energy society have been 

identified. The research presented in this thesis predominantly focused on the following 

topics: 

 

⚫ effect of hydrogen gas on the formation of carbon-based tribofilm of CF-filled 

PTFE at room temperature and standard atmosphere. 

⚫ Effect of air contaminant like water on the carbon-based tribofilm formed in 

hydrogen. 

⚫ effect of trace moisture content on the tribological behavior of CF-filled PTFE in 

hydrogen gas. 

⚫ effect of contact pressure on the friction and wear of CF-filled PTFE in hydrogen 

gas. 

⚫ effect of initial moisture content on the tribofilm formation of CF-filled PTFE in 

hydrogen under high contact pressure 

⚫ tribofilm formation factors in hydrogen 

  

7.1 Effects of hydrogen on the tribological performance 

of CF-filled PTFE  

Tribological characteristics of CF-filled PTFE were affected by gaseous atmosphere, the 

lowest friction and wear coupled with the most stable behavior were observed in hydrogen 

gas. The strong carbon-carbon interactions within the carbon-based film can be 

eliminated by hydrogen termination. Reduction reaction between metal oxides and 
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hydrogen. These effects of hydrogen giving way to the transfer films formed on stainless 

steel surfaces varied in chemical composition as gaseous atmosphere changes, resulting 

in different friction and wear behaviors. The air exposure process introduced 

contaminants such as water and oxygen to the carbon-based tribofilm formed during the 

running-in stage, resulting in the discontinuous and thinner carbon films and giving rise 

to the increased friction and wear after the air exposure process in hydrogen environment. 

Transfer wear processes is the dominant wear mechanism.  

 

7.2 Effects of trace moisture content on the tribological 

performance of CF-filled PTFE 

Carbon films formed on sliding counterface varied in structure and amount as disk surface 

chemical composition changes, resulting in different friction and wear behaviors. This 

changes of tribological behaviors are summarized as follows:  

1. when the moisture content of the sliding environment was less than 1 ppm, both 

surfaces of wear couple were covered by thick carbon-based tribofilms, sliding contact 

between those films led to the low and stable friction.  

2. As moisture content increased, tribofilms became discontinued and got thinner while 

carbon fiber fillers protruded from the surfaces to support load, direct contact between 

PTFE and steel increased friction and wear.  

3. After moisture content exceeded 20 ppm, worn surfaces were fully covered again by 

thinner but smoother carbon-based tribofilms with highly ordered graphitic structure, 

contact between these films resulted in the decrease of friction. 

 

7.3 Effects of contact pressure on the tribological 

performance of CF-filled PTFE  

Thicker carbon films formed under higher contact pressure resulted in ultralow friction 

and wear of CF-filled PTFE in hydrogen. Transfer films formed on sliding counterface 

varied in chemical composition as the initial moisture content changes, resulting in 

different friction and wear behaviors. Especially, when the initial moisture content of the 
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sliding environment was less than 0.25 ppm, both surfaces of wear couple were covered 

by carbon-based tribofilms, sliding contact between those films led to the ultralow and 

stable friction. The moisture content and contact pressure counteracts with each other to 

affect the carbon film formation of CF-filled PTFE in hydrogen gas environment. 

 

7.4 Tribofilm formation factors  

One of the main focuses of this work was to understand the relationship between 

operating conditions, gaseous environment and the formation of tribofilm and transfer 

film. These factors are usually seen in the tribochemical wear mechanism stated in 

Section 2 as well. All the specimens of sliding couple in this thesis showed the formation 

of transfer film. The chemical compositions of these transfer films were analyzed using 

Raman, XPS, FTIR and SEM-EDX. The differences in load, moisture content and 

gaseous atmosphere indeed affected the formation of transfer film. 

⚫ The dominant wear mechanism in hydrogen is the transfer wear process.  

⚫ The increase in contact pressure resulted in the shortened running-in stage, contacts 

of asperities at a higher frequency and the acceleration of molecule dynamic between 

the contact interface. The latter induced the higher friction heat and more 

tribochemical reaction. These in turn influence the formation of transfer film. 

⚫ The moisture content, acted as the critical factor for the amount and structure of 

formed carbon-based film in low pressure contact. When the contact pressure 

increased, moisture molecule then shifted the formation of carbon-based transfer film 

to the metal fluorides transfer film with a small change in amount.   
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